
hf. J. Hear Mass Transfer. Vol. 32, No. 2, pp. 201-212, 1989 0017-9310/89%3.00+0.00 

Printed in Great Britain 0 1989 Pergamon Press plc 

Heat transfer in a straight tube situated 
downstream of a bend 

M. M. OHADIt and E. M. SPARROW 

Department of Mechanical Engineering, University of Minnesota, 
Minneapolis, MN 55455, U.S.A. 

(Received 6 April 1988 and in$nalform 15 July 1988) 

Abstract-The axial variation of the local heat transfer coefficient in a straight tube situated downstream 
of a bend is measured by a mass transfer technique for parametric values of the Reynolds number (500% 
85 000), bend turn angle (0, 30,60, and 90‘7, and flow condition at the bend inlet. For one flow condition, 
the bend inlet is fed by a hydrodynamically developed tube flow. In a second case, the bend is fed from a 
large upstream plenum through a sharp-edged inlet. The Schmidt number for the mass transfer is 2.5 
(naphthalene sublimation in air). It is found that the presence of a bend fed from a plenum through a 
sharp-edged inlet gives rise to a decrease in the mass (heat) transfer coefficients in the downstream tube 
compared with those for the no-bend case. On the other hand, a bend fed with a developed flow generally 
tends to decrease the coefficients in the downstream tube at lower Reynolds numbers while increasing the 
coefficients at higher Reynolds numbers. For both bend inlet configurations, there is clear evidence of 

laminarization of the flow at the lower Reynolds numbers and larger bend turn angles. 

INTRODUCTION 

THIS PAPER reports an experimental study of forced 
convection heat transfer in a circular tube the inlet of 
which is situated immediately downstream of a bend. 
The tube is, therefore, the recipient of the velocity 
distribution which exits the bend. As will be discussed 
shortly, the velocity distribution presented to the tube 
by the bend is highly complex and is significantly 
different from those normally encountered in circular 
tubes. Once the bend-presented velocity distribution 
enters the tube, it undergoes a redevelopment such 
that at sufficiently great downstream distances, a con- 
ventional fully developed pipe flow is attained. 

In the bend, the curvature of the flow induces a 
cross-sectional pressure variation such that the pres- 
sure increases in the direction away from the center 
of curvature of the bend. As a result of the pressure 
variation, the slow-moving fluid adjacent to the wall 
moves toward the center of curvature while, to satisfy 
continuity, the faster-moving fluid in the core moves 
away from the center of curvature. In this way, two 
symmetrically placed, counter-rotating eddies are 
established in the cross section of the bend. The super- 
position of these eddies on the streamwise mainflow 
gives rise to helical motions within each eddy. 

The specifics of the flow field at the exit of the bend 
depend on the streamwise length of the bend since, as 
in a straight pipe, hydrodynamic development is a 
progressive process and requires sufficient length for 
completion. Furthermore, if hydrodynamic devel- 
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opment is not complete at the bend exit, the specifics 
of the bend exit flow will depend on the bend inlet 
conditions. The influence of the length of the bend 
(i.e. the turn angle of the bend) and the bend inlet 
conditions will be addressed in the present research. 
These factors were found to have a significant effect 
on the heat transfer characteristics of the bend itself 

PI. 
The foregoing discussion sets the stage for the 

present investigation in that it establishes the special 
nature of the velocity field in a tube situated down- 
stream of a bend. On this basis, there is ample 
justification to expect that the forced convection 
heat transfer characteristics of such a tube will 
differ significantly from those of a conventional 
pipe flow. 

A schematic view of the physical situations to be 
studied here is presented in Figs. 1 and 2. The dis- 
tinction between the two figures is that they display 
configurations which yield different conditions at the 
bend inlet. 

In Fig. 1, a length of a straight circular tube des- 
ignated as the mass transfer section is situated down- 
stream of a bend which, in turn, is fed by another 
length of straight tube termed the development 
section. The presence of the mass transfer section 
reflects the fact that mass transfer measurements, 
coupled with the analogy between heat and mass, were 
performed to obtain heat transfer results. The mass 
transfer measurements yielded streamwise dis- 
tributions of the axially quasi-local, circumferential- 
average mass transfer coefficient. The mass transfer 
section was of length L and internal diameter D, with 
local axial positions being identified by the coordinate 
X measured from the onset of mass transfer. 

The bend geometry was defined by the turn angle 
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mass transfer surface area 
internal diameter 
diameter of baffle plate 
diffusion coefficient 
mass transfer coefficient, equation (2) 
length of mass transfer section 
length of hydrodynamic development 
tube 
change of mass 
rate of mass transfer per unit area 
volumetric flow rate 
internal radius of bend 
radius of curvature of bend centerline 
Reynolds number, 467j~~nD 
Schmidt number 

L!GZ Sherwood number, KDl% 
li, mass flow rate 
x axial coordinate in mass transfer section. 

Greek symbois 
0 bend turn angle 

P viscosity 
V kinematic viscosity 

P nb naphthalene vapor density in bulk 

P “w naphthalene vapor density at wall. 
t duration of data run. 

Subscript 
i mass transfer element i. 

0, the radius of curvature I?, of the bend centerline, is now absent, exposing the bend inlet to the labora- 
and the radius R (== D/2) of the bend cross section. tory. To better define the inlet conditions, the bend 
The straight tube which fed the bend was employed inlet was framed by a large circular baffle plate (diam- 
with a view to providing hydrodynamically developed eter JIB)_ With the baffle in place, air was drawn into 
fiow at the bend inlet, and its L,/D ratio was chosen the bend inlet only from the space upstream of the 
accordingly CL, and D are, respectively, the length inlet, so that the laboratory served as a large plenum 
and diameter of the hydrodynamic development sec- chamber with the baffle as its downstream wall. The 
tion). As indicated by the measured linearity of the geometry of the inlet was carefully machined to give 
axial pressure distribution, hydrodynamic d.evel- a sharp edge. As is well known, this type of inlet gives 
opment was completed well upstream of the bend rise to flow separation, the ramifications of which wilt 
inlet. However, the upstream propagation of the pres- be evident later. As was true for the satup of Fig. 1, 
sure field in the bend [2] gave rise to small deviations only the mass transfer section in Fig. 2 participated 
from the developed state at the bend inlet. in the mass transfer process. 

All components along the path of the fluid flow 
shared the same internal diameter D. The devel- 
opment tube was tangent to the upstream end of the 
bend, and the mass transfer tube was tangent to the 
downstream end of the bend. Neither the bend, the 
development tube, nor any piping downstream of the 
mass transfer tube participated in the mass transfer 
process. In terms of the analogous heat transfer situ- 
ation, these components were adiabatic. With regard 
to the mass transfer section, the analogous thermal 
boundary condition is uniform wall temperature. 

Attention may now be turned to Fig. 2. The setup 
shown in Fig. 2 differs from that of Fig. 1 in that the 
hydrodynamic development tube which fed the bend 

The experiments were performed as a function of 
three parameters : (1) the pipe-flow Reynolds number 
I&, which ranged from about 5000 to 85 000, (2) the 
turn angle B of the bend, the values of which were 0. 
30,60, and 9Q”, and (3) the bend inlet configuration--- 
either tube fed or sharp edged. The Reynolds number 
range spans the law to fully turbulent regimes for pipe 
flows although, as will be seenlater, the presence of the 
bend promotes Iaminarization at the lower Reynolds 
numbers. The B = 0” case corresponds to the absence 
of the bend, so that this case can serve as a baseline 
against which the other cases can be compared. 

Aside from Ihe aforementioned, the other relevant 
parameters were held fixed. These include the Schmidt 
number for the mass transfer process tnaphthalene 
sublimation in air), the value of which is 2.5. Also, 
the bend curvature was characterized by K/R = 9. 
Other geometrical parameters, the values of which 

SECTION 

FIG. 3. Mass transfer section downstream of a bend with a 
tube-fed inlet. 

CIRCULAR BAFFLE PLATE 

FIG. 2. Mass transfer section downstream of a bend fed from 
a large upstream plenum through a sharp-edged inlet. 
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are less critical, include L/D = 20.4, LH/D = 30, and 
DJD = 16. 

For each Re, 8, and bend inlet configuration, the 
local Sherwood number (dimensionless mass transfer 
coefficient) was determined at 21 axial stations along 
the length of the mass transfer section. The thus- 
determined axial distributions will be presented in 
formats chosen to highlight the parametric depen- 
dencies. 

The reference list for the present paper is necessarily 
short because the authors were unable to find any 
prior information on heat or mass transfer in tubes 
situated downstream of bends. With regard to the 
bend-induced laminarization mentioned in the fore- 
going, the relevant references are to Taylor [3] and to 
Narasimha and Sreenivasan [4], which will be elab- 
orated later. A general review of fluid flow in bends is 
available in ref. [5]. 

EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The heart of the experimental apparatus, the 
mass transfer section, was a circular tube made up 
of a linear assembly of 21 individual mass transfer 
elements. Each element was a composite annular cyl- 
inder, with an external metallic cylindrical shell and 
an annular core of naphthalene. The inner surface of 
the naphthalene served to bound the fldw passage. 
This surface was hydrodynamically smooth, having 
been cast against a highly polished and lapped brass 
shaft. The casting procedure, which is described in ref. 
[6], produced a uniform diameter flow passage with 
D = 3.175 cm = 1.250 in. Mass transfer occurred due 
to the sublimation of the naphthalene into the airflow 
in the passage. 

The successive mass transfer elements were mated 
by means of interlocking tongues and recesses which 
had been machined into the metallic cylindrical shells 
at their downstream and upstream ends. The inter- 
locking of the elements is similar to that shown in Fig. 
1 of ref. [7], except that the present elements had 
longer tongues and recesses than those of ref. [7] in 
order to ensure more exact axial straightness of the 
assembly. The attainment of straightness was further 
aided by an adjustable support situated beneath the 
assembled tube. 

Once the elements had been assembled, the 
assembly was made into a single unit by a sustained 
force applied by means of quick-acting, self-locking 
clamps. Potential leakage at the interfaces of suc- 
cessive elements was totally eliminated (as verified by 
pressurization tests) by highly adhesive tape which 
bridged across the interfaces at the exterior surface of 
the metallic shells. 

In recognition of the expected more rapid variations 
of the mass transfer coefficient near the tube inlet and 
the less rapid variations further downstream, mass 
transfer elements of different axial length were 
employed to obtain highly accurate quasi-local trans- 

fer coefficients. To this end, shorter elements were 
used at the upstream end of the tube and longer 
elements downstream. The lengths of the respective 
mass transfer surfaces of elements l-7 were 0.40, 
those of elements 8-13 were 0.8D, and those of 
elements 14-21 were 1.60. Thus, the overall axial 
length of the mass transfer surface of the assembled 
tube was 20.40. 

To facilitate the data reduction, which requires the 
density of naphthalene vapor at the subliming surface, 
two of the elements, 1 and 21, were equipped with 
fine-gage, precalibrated thermocouples. The thermo- 
couples were cast in place in the naphthalene such 
that the junctions were positioned at the bounding 
surface of the flow passage. 

The bends used in the present experiments had been 
fabricated earlier in connection with a study of axial 
and circumferential pressure distributions in bends 
[2]. Three bends were available, with respective turn 
angles 0 = 30, 60, and 90”. All bends had a cross- 
sectional diameter D = 3.175 cm (1.250 in.), identical 
to that of the mass transfer section. Also, all bends 
had the same centerline radius of curvature R, = 14.29 
cm (5.625 in.), resulting in an RJR ratio of 9. 

As noted earlier, in one of the two investigated bend 
inlet configurations, the bend was fed with airflow 
delivered to it by a hydrodynamic development tube. 
The tube was 3.175 cm (1.250 in.) in internal diameter 
and 30 diameters in length. It was equipped with a 
linear array of pressure taps deployed along its length. 
At the two instrumented stations nearest the bend 
(namely, 0.5D and lD), there were three taps dis- 
tributed around the circumference. The pressure taps 
were installed to detect the attainment of hydro- 
dynamically developed flow (linear axial pressure 
variation) and any precursive effects due to the 
presence of the bend (i.e. circumferential pressure 
variations upstream of the bend). The upstream end 
of the development tube was open to the laboratory 
and presented a sharp-edged inlet to the airflow. 

The other investigated bend inlet condition is the 
sharp-edged inlet, and the rationale for using a baffle 
plate to more precisely define this condition has 
already been discussed. The baffle plate was a cir- 
cular aluminum disk, 50.8 cm (20 in.) in diameter and 
0.318 cm (0.125 in.) thick. However, its thickness was 
reduced to 0.127 cm (0.050 in.) where the baffle framed 
the bend inlet, thereby adding an upstream extension 
of only 0.040 to the bend. For the 0 = 0” turn 
angle (no bend), the thickness was further reduced 
SO that the resulting non-mass-transfer-participating 
upstream extension of the mass transfer section was 
only 0.020. These unintended extensions are not 
expected to have any effect on the results. 

Downstream of the mass transfer section, the piping 
system continued the section’s 3.175 cm (1.250 in.) 
internal diameter for a length of about 12 diameters. 
Thereafter, the piping was enlarged to a diameter 
appropriate to the rotameters used for measurement 
of the mass flow rate. Various rotameters were used 
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depending on the magnitude of the flow. After the 
rotameter, the flow passed through a control valve 
and was then ducted to a blower. The blower was 
situated in a service corridor adjacent to the labora- 

tory, and the compression-heated, naphthalene- 
enriched discharge from the blower was vented out- 
side the building. 

The downstream positioning of the blower meant 

that the apparatus was operated in the suction mode, 
with air drawn into the apparatus from the laboratory. 
Sinde the laboratory was temperature controlled and 
free of naphthalene vapor, the condition of the air 
entering the apparatus was thus well established. The 
entering air temperature was measured by a thermo- 
couple positioned just upstream of the inlet. 

The execution of a data run involved a number of 
steps which required considerable care and attention 
to detail. The preparation of the mass transfer 
elements via a casting procedure was the starting 
point. Once cast, the elements were placed in a sealed 
container and allowed to equilibrate to achieve tem- 
perature equality with the laboratory. Then, the mass 
transfer section was assembled for a brief pre-run to 
allow further thermal equilibration, alignment of the 
assembly for axial straightness, removal of naph- 
thalene dust or chips, and fine tuning of the setting of 
the control valve. 

After the pre-run, the mass transfer section was 
disassembled and each element was carefully weighed 
on an ultraprecision analytical balance (resolution of 

0.00001 g). Upon completion of the weighing, the 
elements were reassembled and the apparatus was put 
into final form for the data run. The duration of the 
run (i.e. duration of the airflow period) was selected 
such that the average change in the diameter of any 
clement due to sublimation did not exceed 0.0025 cm 
(0.001 in.). For example, for the case of the tube-fed 
inlet, duration times ranged from 7 to 55 min for 
Reynolds numbers in the range from about 84000 
to 5000. During a run, data were collected for the 
temperatures at the mass transfer elements and in the 
ambient, for the rotameter and barometric pressures, 
and for the indicated rotameter flow rates. 

At the conclusion of the run, the mass transfer 
section was disassembled and the individual elements 
weighed. After the post-run weighing, a procedure 
was performed to determine a correction for any 
extraneous mass transfer which might have occurred 
during the periods of assembly, disassembly, and 
weighing. This procedure involved repeating all the 
steps of the actual data run, but with the airflow 
period omitted. The procedure terminated with a final 
weighing of the elements. On the average, the cor- 
rection for extraneous losses was about 2.5% of the 
mass transfer during the data run proper. 

DATA REDUCTION 

number at each element of the mass transfer section 
for each data run and also to evaluate the Reynolds 
number for each run. Since the measured mass trans- 
fer rate for each element corresponds to the element 
as a whole, the resulting transfer coefficient and Sher- 
wood number are circumferential and axial averages. 
However, since the lengths of the elements were 
chosen to be short relative to the prevailing axial 
variations, the per-element results may be regarded as 
being axially quasi-local. In the forthcoming pres- 
entation of results, the Sherwood number for each 
element will be plotted at an axial coordinate which 
corresponds to the axial midpoint of the element. 

For the data reduction, the successive elements will 
be numbered 1,2,. ,21, with i being a typical 
element. For element i, the mass transferred during a 
data run of duration z will be denoted by AM,. where 
AM, includes a correction for extraneous mass losses 
determined as described earlier. The surface area for 
mass transfer from element i is A;. In determining A,. 
account was taken of the slight change in the diameter 
of the flow passage which occurs due to sublimation 
during the data run. With these quantities, the per- 
clement mass transfer per unit time and unit area is 

ti, = AM,;rA,. (1, 

The mass transfer at each element is driven by the 
difference between the densities of the naphthalcnc 
vapor at the wall and in the bulk, respectively. I)~,,,~ 
and P”~,~. Under the assumption that solid-vapor equi- 
librium prevails at the wall, pn,, is a function of tem- 
perature, and since the temperature is uniform along 
the wall (by measurement), so is P”,,. Therefore, 
pnw,, = ,onw. On the other hand, pn,, increases along the 
length of the mass transfer section. so that subscript 
i must be retained for pn,,. 

In terms of the foregoing quantities, the mass trans- 
fer coefficient for element i follows as 

K, = tit ih,, - A,~.~ ). (3 

The value of pnw was found by introducing the 

measured wall temperature into the vapor pressure-tem- 
perature relation for naphthalene [8] and then sub- 
stituting the vapor pressure into the perfect gas law. 

For the determination of P”,,,, it is first relevant to 
note that the rise of pn,, experienced by the airflow 

passing through any element j is 

(bnb 1, = (AM, /z,iQ (3) 

where i, is the volumetric flow rate. Consequently. 
the values of pn,, at the inlet and exit cross sections of 
element i are 

1-I 
,;, (AM, /r)/e, 

i (AM”z)@ (4) 
I- ’ 

and pnb,, will be taken as the average of these, so that 

The main objective of the data reduction was to 
evaluate the mass transfer coefficient and Sherwood 

I_ I 
Pnb.! = 1 (AMjlz)l~+O.5(AM,/z)i). (5) 

I_ 1 
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in both equations (4) and (5), it is assumed that 
pnb = 0 at the beginning of the mass transfer section, 
a condition fulfilled by the suction-mode operation 
and the absence of naphthalene vapor in the labora- 
tory. It was also assumed that 0 is constant along the 
length of the mass transfer section, a condition which 
was satisfactorily fulfilled for all the experiments. 

Once Ki has been determined, the per-element Sher- 
wood number is evaluated from its definition 

Shi = KiD/ 2 (6) 

where ZB is the mass diffusion coefficient. This quan- 
tity can be eliminated by introducing the Schmidt 
number SC = v/ 9, so that 

Sh, = (KiD/v)Sc, (7) 

For naphthaleneair mixtures, SC = 2.5 [8]. The kine- 
matic viscosity Y was taken as that for pure air since 
the concentrations of naphthalene vapor were minute. 

For the Reynolds number, the standard processing 
of the volumetric flow rate indicated by the rotameter 
yielded the mass flow rate 6. Then 

Re = 43/pD 

where .U was evaluated for pure air. 

(8) 

RESULTS AND DfSCUSSlON 

Before presenting the results of the present exper- 
iments, it is relevant to provide collateral information 
which serves to establish the accuracy of the data. 
Such an accuracy assessment has to be based on the 
no-bend case, since there appears to be no prior infor- 
mation on heat or mass transfer in a straight tube 
downstream of a bend. 

Fully developed Sherwood numbers for the no- 
bend case, as measured in the present apparatus, are 
compared with the widely-accepted correlations of 
Petukhov-Popov and of Gnielinski for turbulent pipe 
flow in Fig. 4 of ref. [9]. Truly excellent agreement of 
the data with the correlations was found to prevail. 
For turbulent heat or mass transfer in a tube fed by 
a hydrodynamic development length, it is possible to 
compute the transfer coefficients in the thermal or 
mass entrance region. Such computations were per- 
formed in ref. [lo] and compared (in Fig. 4of ref. [lo]) 
with the entrance region mass transfer coefficients 
measured with the present apparatus. Excellent agree- 
ment between the numerical predictions and the data 
prevailed throughout the entire entrance region. The 
just-cited comparisons provide a high degree of con- 
fidence in the accuracy of the data obtained from the 
present experiments. 

The focus of the presentation will now be directed 
to the bend-related effects on the Sherwood numbers 
downstream of the bend. The first set of results cor- 
responds to bends the inlets of which are fed by a 
hydrodynamic development tube, while the second set 
of results corresponds to bends which have a sharp- 

FIG. 3. Sherwood number distributions in the mass transfer 
section downstream of a bend with a tube-fed inlet, 

Re 2 5450. 

edged inlet. Finally, the results for the two bend inlet 
configurations are brought together and compared. 

Tube-fed bend inlet 
The Sherwood number distributions in the mass 

transfer section downstream of the bend are presented 
in Figs. 3-8 for the case of the tube-fed bend inlet. In 
each figure, which corresponds to a given Reynolds 
number, the axially quasi-local Sherwood number is 
plotted as a function of the dimensionless axial dis- 
tance X/D downstream of the onset of mass transfer. 
(Note that X = 0 also corresponds to the beginning 
of the straight tube which follows the bend.) As noted 
earlier, the measured Sherwood number for each mass 

LEENO 
o- OOEQTURNANGLE 
A-30 DEG TURN RNGLE 

~-~~~~ _ 

FIG. 4. Sherwood number distributions in the mass transfer 
section downstream of a bend with a tube-fed inlet, 

Re 2 9090. 
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FIG. 5. Sherwood number distributions in the mass transfer 
section downstream of a bend with a tube-fed inlet, 

Re z 15800. 

transfer element is plotted at the X coordinate which 
corresponds to the axial midpoint of the element. 

In each figure, data are presented for four bend turn 
angles: 0 (no bend), 30, 60, and 90”. This format, 
whereby the turn angle is the curve parameter, was 
chosen to provide easy identification of the effect of 
the presence of the bend, with the no-bend case serving 
as a baseline. The Reynolds numbers for the four turn 
angles appearing in each figure are not quite the same, 
and the figure is labeled with the average value. For 
most of the figures, the overall spread in the Reynolds 
number is in the 1% range, with overall spreads of 2.9 
and 2.1 in Figs. 3 and 7. These spreads should not 
materially affect the comparisons of the results for the 

various turn angles. 
All of the figures have a common abscissa scale 

A 

w 

6: 

$ 

H 

LEGEND 
q - ODE6NRNRWLE 
A-3ODE9TLlRNRN6LE 
+-WDEQIURNANOLE 
X-9ODEGTURNRN6LE 

1 I 1 1 

4 6 12 16 

X/D 
FIG. 6. Sherwood number distributions in the mass transfer 
section downstream of a bend with a tube-fed inlet, 

Re z 24 500. 

w 
I , 1 1 

0 4 6 12 16 

X/D 

FIG. 7. Sherwood number distributions in the mass transfer 
section downstream of a bend with a tube-fed inlet, 

Re E 60 800. 

which ranges from X/O = 0 to 20. However, the ordi- 
nate scale of each figure is tailored to accommodate 
the Sherwood number range appropriate to each of 
the investigated Reynolds numbers. Because of the 
different scales and because all scales are linear. the 
data scatter, which is generally about 2%, is portrayed 
somewhat differently in the various figures. 

The first objective of an overall inspection of Figs. 
3-8 is to identify broad generalizations. The broadest 
and most useful generalization would be that the pres- 
ence of a bend gives rise to either a consistent increase 
or a consistent decrease in the Sherwood numbers 
relative to those for the no-bend case. However, 
neither of these characterizations is generally appli- 
cable to the comparison of the with-bend and no-bend 
results conveyed in Figs. 338. The absence of a broad 

LEGEND 
q - o DE6 TURN ANOLE 
A- 30 DE6 TURN fiN6LE 
+-60OffiTLRN i=!N@LE 
X - 90 OEQ TURN RNGLE 

0 4 6 12 16 

X/D 

FIG. 8. Sherwood number distributions in the mass transfer 
section downstream of a bend with a tube-fed inlet. 

Re z 83 000. 
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generalization necessitates a more detailed discussion 
of the results, as follows. 

The mass transfer section downstream of the bend 
is, at least in its initial portion, a mass transfer 
entrance region. The Sherwood number distribution 
in a conventional entrance region with an axially 
unchanging, fully developed velocity profile is very 
well exemplified by those for the no-bend case (i.e. 
0 = 0’) in Figs. 3-8. Starting with relatively high 
values at the onset of mass transfer, the Sherwood 
number decreases monotonically and smoothly to a 
fully developed value depending on the Reynolds 
number, with the decrease being rapid at fist and 
more gradual later. In the presence of a bend upstream 
of the tube, various departures in the shape of the 
Sherwood number distribution from the afore- 
mentioned standard shape are in evidence in the 
figures. 

The most remarkable departure is that for the 90”- 
bend case in Figs. 3 and 4 (Re = 5450 and 9090, 
respectively). In these cases, the Sherwood number 
distribution decreased to a minimum at about 
X/D = 6 and, thereafter, increased toward its fully 
developed value (which is not quite achieved in Fig. 
3). Thus, the Sherwood number distribution displays 
undershoot. The undershoot, relative to the fully 
developed value, is about 27% for Re = 5450 and 
22% for Re = 9090. 

The cause of the undershoot is the laminarization 
of the flow and the subsequent transition to turbu- 
lence. As was demonstrated in refs. [3,4], a turbulent 
flow entering a coiled tube may be laminarized. The 
laminarization occurred after a sufficiently long run 
in the coiled tube. Since the 90” turn angle provides 
the longest run of curved flow considered here, it 
presents the most likely case for laminarization. Also, 
the likelihood of laminarization is greater at lower 
Reynolds numbers (e.g. 5450 and 9090). 

Careful study of Figs. 3 and 4 suggests that lami- 
narization begun in the bend must have continued in 
the straight mass transfer section downstream of the 
bend. This is because there are no evident effects of 
laminarization at the first data station, i.e. the value 
of S/Z corresponding to the 90” turn angle is higher 
than the others. Only at larger X/D do the values of 
Sh for the 90” turn dip low. Once the laminarized 
(or partially laminarized) flow has moved sufficiently 
downstream in the tube, it undergoes a transition 
to turbulence. The transition is responsible for the 
increase in the Sherwood number after the minimum. 

Aside from the just-discussed undershoot for the 
90” turn angle, the low Reynolds number (5450,909O) 
Sherwood number distributions for the other turn 
angles follow the conventional pattern. However, as 
the Reynolds number increases, other unconventional 
features appear in the distributions. For the 30” turn, 
for Re = 15 800, 24 500, and 60 800, the initial sharp 
decrease in Sh is arrested by a relatively flat or slightly 
rising plateau, after which a gradual decrease sets 
in. This same pattern prevails for the 60” turn for 

FIG. 9. Sherwood number distributions in the mass transfer 
section downstream of a bend fed through a sharp-edged 

inlet, Re z 5380. 

Re = 24 500. Other distributions exhibit rolls. These 
features reflect the transformation of the complex, 
three-dimensional velocity field exiting the bend into 
the simple pipe-flow velocity profile. 

With regard to the effect of the bend on the mag- 
nitude of the Sherwood number, there appears to be 
a trend with the Reynolds number. For the lower 
Reynolds numbers (5450, 9090), the presence of the 
bend generally tends to reduce the Sherwood number 
relative to the no-bend case. On the other hand, 
for Re = 24 500 and greater, the with-bend Sh are 
larger than those in the absence of the bend. For 
Re = 15 800, the with-bend and no-bend results are 
intermingled. 

For Re = 15 800, the Sherwood numbers for the 
30” turn are higher than the others in a significant 
portion of the entrance region. The top spot is shared 
by the 30 and 60” data for Re = 24500, whereas for 
the higher Reynolds numbers the 60” data are highest. 
Study of the relative positioning of the data for the 
various turning angles suggests that at still higher 
Reynolds numbers, beyond those investigated here, 
the Sherwood numbers for the 90” turn will emerge 
as the largest. 

The extent of the mass transfer section that is af- 
fected by the presence of the bend is also dependent 
on the Reynolds number. For the lowest Reynolds 
number (5450), due to the laminarization and sub- 
sequent transition, bend effects extend to X/D = 20. 
The affected region is confined to about X/D = 10 for 
Re = 9090 and 15 800. Thereafter, as the Reynolds 
number increases, the affected region extends out to 
about X/D E ,15. 

Sharp-edged bend inlet 
The Sherwood number distributions in the post- 

bend mass transfer section are presented in Figs. 9- 
13 for the case of a bend fed from a large upstream 
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FIG. 10. Sherwood number distributions in the mass transfer 
section downstream of a bend fed through a sharp-edged 

inlet, Re E 9080. 

plenum through a sharp-edged inlet. The format of 
these figures is identical to that of Figs. 3-8. Each of 
the figures is for a specific Reynolds number, and the 
data in each figure are parameterized by the turn angle 
of the bend. The Reynolds number for each figure is 
an average over the four turn angles. The greatest 
spread about the average occurs in Fig. 9, where the 
Reynolds number for the 0” case is 5 140, while the 30, 
60, and 90” bends group around an average Re of 
5470. This spread does not affect the qualitative com- 
parison of the with-bend and no-bend results. The 
Reynolds number spreads in the other figures are sub- 
stantially smaller. 

For the case of the sharp-edged bend inlet, an all- 
encompassing generalization can be made about the 
effect of the presence of the bend, namely, that the 

FIG. 11. Sherwood number distributions in the mass transfer 
section downstream of a bend fed through a sharp-edged 

inlet, Re z 24 700. 
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FIG. 12. Sherwood number distributions in the mass transfer 
section downstream of a bend fed through a sharp-edged 

inlet, Re E 61400. 

Sherwood numbers are reduced by the presence of the 
bend. Furthermore, for the most part, the data for 
each Reynolds number are arranged in a regular order 
with turn angle, decreasing as the turn angle increases 

from 0 to 90”. The regularity of the results enabled 
the omission of one of the Reynolds numbers that had 
been included for the case of the tube-fed inlet. Also 
noteworthy is the relatively short portion of the mass 
transfer section that is affected by the bend. The 
affected region extends to X/D = 8 for Re = 5380 
and 9080, but only to X/D = 45 for higher Reynolds 
numbers. 

The bend-related decrease in Sherwood numbers 
downstream of the bend can be made plausible by 
considering the flow pattern associated with a sharp- 
edged inlet. Such an inlet causes separation of the 
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FIG. 13. Sherwood number distributions in the mass transfer 
section downstream of a bend fed through a sharp-edged 

inlet, Re z 84 300. 
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flow, followed by reattachment and redevelopment. 
This sequence of events at the inlet of a conventional 
(straight) mass or heat transfer section gives rise to a 
Sherwood or Nusselt number dist~bution char- 
acterized in succession by an initial sh’arp rise, the 
attaimnent of a maximum, and a smooth, monotonic 
decrease to the fully developed state. This pattern is 
in evidence for the no-bend case (0” turn angle) in 
Figs. 9-I 3. Of particular significance is that Sherwood 
or Nusselt numbers downstream of a sharp-edged 
inlet are considerably larger than those for a con- 
ventional entrance region where the velocity profile is 
axially unchanging and fully developed (e.g. Figs. 2 
and 3 of ref. [9]). 

With the bend in place upstream of the mass trans- 
fer section, the processes of flow separation and 
reattachment are completed within the bend. As a 
consequence, the mass transfer section does not 
benefit from the enhancement associated with these 
processes. In particular, the initial sharp rise and the 
maximum are absent from the Sherwood number dis- 
tributions for the 30, 60, and 90” bends. Rather, these 
distributions exhibit an immediate decrease. It is the 
loss of the separation-related enhancement which 
causes the Sherwood number dist~butions for the 
with-bend case to fall below that for the no-bend case. 
The greater the angle of turn, the greater is the post- 
reattachment redevelopment, which occurs in the 
bend, and the lower the Sherwood numbers in the 
mass transfer section. 

The processes of bend-induced laminarization and 
subsequent transition to turbulence are manifested by 
the undershoot of the Sherwood number dist~butions 
for the 60 and 90” cases in Fig. 9 (Re = 5380) and for 
the 90” case in Fig. 10 (Re = 9080). Relative to the 
respective fully developed values, these undershoots 
are about 15% for Re = 5380 and about 10% for 
Re = 9080. 

As a final note with respect to Figs. 9-13, it may be 
verified that the percentage spread of the data with 
turn angle at a given Reynolds number diminishes 
as the Reynolds number increases. This behavior is 
somewhat obscured by the different ordinate scales 
used for the respective figures. 

Corn~~ri~o~s for the two bend Set con~~ur~tio~ 
Thus far, the results corresponding to the two inves- 

tigated bend inlet configurations have been reported 
separately, in Figs. 3-8 for the tube-fed bend inlet and 
in Figs. 9-13 for the sharp-edged bend inlet, respec- 
tively. Now, representative results for the two con- 
figurations will be brought together and compared, 
and Figs. 14-17 have been prepared for this purpose, 
The successive figures correspond respectively to turn 
angles of 0,30,60, and 90”. Each figure conveys results 
for several representative Reynolds numbers, and for 
each Reynolds number, data are presented for the 
tube-fed bend inlet (open symbols) and the sharp- 
edged bend inlet (black symbols). 

The Reynolds numbers for the results exhibited in 

0 4 8 12 16 20 

X/D 

FIG. 14. Comparisons of Sherwood number distributions 
corresponding to bends with tube-fed and sharp-edged inlets, 

turn angle of 0”. 

each figure are listed in the legend in the top right- 
hand comer of that figure. Note that the circle and 
square symbols are used repeatedly because of their 
availability in both open and black form in the graph- 
ics package. No ambiguity will result from the mul- 
tiple use of these symbols when it is realized that the 
data in each figure are naturally irranged in ascending 
order with increasing Reynolds number. 

An overview of Figs. 1417 indicates that the most 
significant differences between the Sherwood number 
results for the two inlet configurations occur for the 
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FIG. IS. Compari~us of Sherwood number dist~butions 
corresponding to bends with tube-fed and sharp-edged inlets, 

turn angle of 30”. 
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X/D 
FIG. 16. Comparisons of Sherwood number distributions 
corresponding to bends with tube-fed and sharp-edged inlets, 

turn angle of 60”. 

no-bend case (0” turn angle), with substantially 
smaller differences when a bend is in place. For the 
no-bend case, the differences between the results for 
the two inlets are due to the presence or absence 
of flow separation in the initial portion of the mass 
transfer section. With separation present (sharp- 
edged inlet), the entrance region Sherwood numbers 
are considerably higher than those without separation 
(tube-fed inlet), as discussed earlier. Also, the shapes 
of the Sherwood number distributions are charac- 
teristically different, as per the earlier discussion. The 

‘“b 
X/D 

20 

FIG. 17. Comparisons of Sherwood number distributions 
corresponding to bends with tube-fed and sharp-edged inlets, 

turn angle of 90”. 

paired distributions for the no-bend case have more 
or less merged at X/D = b8. 

The presence of the bend tends to screen the mass 
transfer section from the specifics of the flow con- 
figuration at the bend inlet. The greater the bend 

turn angle, the more effective should be the screening. 
Thus, the results for the 30” bend are somewhat more 
sensitive to the bend inlet configuration than are the 
results for larger turn angles. This is especially true 
for the higher Reynolds numbers for the 30” case ; but 
even there the paired distributions have merged by 
X/D = 4. Whenever differences occur for the 30” case. 
the values of Sh corresponding to the sharp-edged 
inlet are greater, which is a carryover from the no- 
bend case. 

For the 60” case, aside from what may be an 
anomaly at large X/D for Re z 5500, the deviations 
are generally small. The values of Sh for the tube-fed 
inlet are slightly greater than those for the sharp-edged 
inlet at higher Reynolds numbers, with a reversed 
relationship at lower Reynolds numbers. For the 90’ 
case, the deviations are confined to the laminarization 
and transition regimes for lower Reynolds numbers. 

CONCLUDING REMARKS 

The experiments performed here have provided 
definitive information on the effect of a bend on the 
mass (heat) transfer characteristics in a straight tube 
situated downstream of the bend. Three parameters 
were varied during the course of the experiments. One 
of these was the Reynolds number, which encom- 
passed the range from about 5000 to 85000. The 
second parameter was the turn angle of the bend, the 
values of which were 0, 30, 60, and 90”. The 0” turn 
angle corresponds to no bend in place, and this case 
was used as a baseline against which were compared 
the results obtained in the presence of the bend. 

The third parameter was the hydrodynamic inlet 
configuration of the bend. In one case (tube-fed 
bend), the bend inlet was fed by a hydrodynamically 
developed tube flow. In a second case (sharp-edged 
inlet), the bend was fed from a large upstream plenum 
through a sharp-edged inlet. Air was the working 
fluid, and mass transfer measurements were made via 
the naphthalene sublimation technique. 

It was found that the presence of a bend with a 
sharp-edged inlet gave rise to Sherwood numbers in 
the downstream tube which were lower than those for 
the no-bend case (i.e. those for a tube with a sharp- 
edged inlet). However, in the case of the tube-fed 
bend, the comparison of the with-bend and no-bend 
results is not as clear cut. For the lower Reynolds 
numbers, the presence of the bend generally tended to 
reduce the Sherwood numbers in the downstream tube 
relative to those without the bend (i.e. those for a tube 
fed with a hydrodynamically developed flow). On the 
other hand, for the larger Reynolds numbers, the 
with-bend Sherwood numbers were greater than the 
no-bend values. 



The sensitivity of the tube Sherwood numbers to 
the fluid inlet configuration was greatest for the no- 
bend case. The presence. of the bend tended to screen 
the tube from the specifics of the flow configuration 
at the bend inlet. 
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TRANSFERT THERMIQUE DANS UN TUBE DROIT SITUE EN AVAL D’UN COUDE 

R&sum&-La variation axiale du coefficient local de transfert thermique dans un tube droit situ& en aval 
d’un coude est mesurke par une technique de transfert de masse pour les valeurs param&iques du nombre 
de Reynolds (500&85 000), angle de cintrage du coude (0, 30, 60 et 90”), et condition de l’houlement ri 
l’entrke du coude. Pour une condition d’bcoulement, l’entr&e du coude est un boulement hydro- 
dynamiquement ktabli. Dans un second cas, le coude est aliment& ii partir d’une grande chambre de 
tranquillisation B travers une en&&e B bord mince. Le nombre de Schmidt pour le transfert de masse est 
2,5 (sublima~on du naphtal&ne dans l’air). 11 est trouvk clue le second cas provoque une d&croissance des 
coefficients de transfer? de masse (de chaleur) dans le tube en aval, par comparaison avec ceux du cas sans 
coude. D’un autre cBt& le premier cas tend & diminuer les coefficients dans le tube en aval pour les bas 
nombres de Reynolds et i les augmenter pour les grands nombres. A la fois pour les deux configurations 
d’entrb, il y a l’tvidence d’une laminarisation de l’tcoulement avec les plus faibles nombres de Reynolds 

et les plus grands angles de cintrage. 

WbiRMEOBERGANG IN EINEM GERADEN ROHR HINTER EINER KRQMMUNG 

Zusammenfassung-Die axiale Verteilung des &lichen Wlrmeiibergangs-Koefenten in einem geraden 
Rohr hinter einer Kriimmung wurde mit Hilfe der Sublimationstechnik fiir verschiedene Werte der Rey- 
nolds-Zahl(SOOCr85 000), des Kriimmungswinkels (0,30,60 und 90“) und der StrGmungsbedingungen am 
K~mmungseintritt bestimmt. In einem Fall war die StrGmung am ~~~~~int~tt hydr~ynamis~h 
ausgebildet ; im zweiten Fall erfolgt die Zustr~mung aus einem groDen, stroma~w~~sgele8enen Plenum 
mit scharfkantigem Einlauf. Die Schmidtzahl fiir den Stoffiibergang ist 2,5 (Naphtalinsublimation in Luft). 
Es zeigte sich, dal3 eine Kriimmung, die iiber einen scharfkantigen Einlauf aus einem gro5en Plenum 
versorgt wird (Fall 2), eine Abnahme des Stoff- (W&me-) ubergangs-Koetiienten hervorruft im Ver- 
gleich zum Fall ohne Kriimmer. Auf der anderen Seite nehmen hinter einer Kriimmung, die von einer 
ausgebildeten Striimung versorgt wird, die KoetXzienten bei kleinerer Reynolds-Zahl ab, bei groDer Rey- 
nolds-Zahl zu. Fiir beide Einlaufkonfigurationen gibt es klare Hinweise fir eine Laminarisierung der 

StrGmung bei kleinen Reynolds-~hlen und groBen Kr~mmungswjnkeln. 



212 M. M. OHADI and E. M. SPARROW 

TEl-f.JIOI”IEPEHOC HA IIPRMOM, PACrIOJiOXCEHHOM JA W3I-ki60M Y’JACTKE TPYBbI 

~wtuu---AKclranbHOe si3kseHexine noKaTibHor0 ro3+&iyaenTa TennonepeHoca Ha RPXMOM yvacTxe 
Tpy6b1,HaxomLIJeMcx mm3 no Teqemuo 38 H3m60hf,wccneAyeTcn c~cnonb30BameM TexmKa nepeHoca 

MacbI B ABana3oHe srialremii wicna PeZiHonbAca OT 50oo'Ao 85000 npu yrnax u3ru6a 0. 30,60 H 90" II 

Am pa3nnwwblx ycnomiii TeYeHm Ha BxoAe B s3ra6. B OAHOM cnyrae Ha sxoAe B w3rw6 npofjninb 
CKOPOCTH IIOTOKa SLWleTCl pZi3BHTblM. B ApyrOM--nOTOK BMTeKaeT Sf3 pe3epBya~ IlO.Zl AaBXeHHeM 

uepe3 oTBepcTHecoc~pmim KpaRMH.%CJIo ~M~ATa~KMa~onepeHocaco~aBAKeT 2,5(cy6~1ma1mr 

Hat$Ta.mHa B Bo3Ayxe). HafiAeHo,4To np~ wTeqefim no ~~opoii cxeMe fiamime usrufia I~~BOAHT K 

yMeHbuleHWm KO3+$H~~eHTOB Macco-(Tenno-)nepeIioca Ha yYacTKe Tpy6bI,pacnonomeHHoM Hame IlO 

Te~emiH),no CpaaHeHalo co CnynaeM 6e3 H3rwBa.ITpa opraHH3axIm TeYeHBIl It0 nepBofi CxeMe n3rB6 
BbI3blBaeT YMeHbIueHWe 3TIIX KO~H~HeHTOB B Tpy~,paCRORO~eHHO~ BHSi3 IlO Te9eHBm,npU Hff3KIIX 

q~~axPe~HonbA~n HX Y~A~qeHHenp~~~co~nx ~ncA~Pe~~oAbAca.B06o~xcn~a~Aa~~Hapn3a- 

Am Tegemix Ha6moAaeTcR npw 6onee HH~KHX rmnax PeiiHonbAca w npw Gonee B~ICOKWX 3Ha'IeHAIIX 


