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Abstract—Experiments were performed to determine heat-transfer coefficients both around the circum-
ference and along the length of a heated tube situated downstream of a flow-splitting tee. The fiow
arrangement was such that air was delivered to the center port of the tee by a long unheated hydrodynamic
development section and exited the tee via its two end ports. Identical heated tubes, each with its own
flow control, were respectively attached to each exit port. One of the heated tubes served as a primary
test section. The experiments were performed at several fixed primary test section Reynolds numbers
and, at each Reynolds number, the flow through the secondary exit was varied systematically. The
circumferential average heat-transfer coefficients in the thermal entrance region were found to be much
larger than those for a conventional axisymmetric tube flow. Furthermore, the length of the thermal
entrance region was substantially greater owing o the presence of the tee. Circumferential variations
of the heat-transfer coefficient were confined to the initial portion of the entrance region. with circum-
ferential uniformity being attained within about eight diameters from the center of the tee. At the first
measurement station (two diameters from the center of the tee). the circumferential distributions
exhibited deviations of up to 309, from the circumferential average.

NOMENCLATURE Subscript
D, I.D. of test section tube; e, thermal entrance length.
hgq, fully developed heat-transfer coefficient;
h.(6), circumferentially local heat-transfer INTRODUCTION
coefficient, equation (1); TURBULENT heat transfer in tubes is, perhaps. the
h.,  circumferential average heat-transfer most commonly encountered convective heat-transfer
coefficient, equation (7); situation. As a consequence, the heat-transfer char-
k, thermal conductivity of air; acteristics of turbulent tube flows have been subjected
k., thermal conductivity of tube wall; to extensive investigation. In the main, these investi-
m;, mass flow rate in primary test section; gations have concerned themselves with hydrodynamic
m,, mass flow rate in secondary test section, entrance conditions which give rise to axisymmetric
Nug,, fully developed Nusselt number, hyyD/k; velocity distributions. In practice. however, more com-
Nu,, circumferential average Nusselt number, plex flow fields are encountered. A tee is an example
h.D/k; of atube inlet configuration which yields a non-axisym-
Q1. heat loss to environment; metric velocity distribution as well as a secondary flow
gx(6), circumferentially local heat flux; superposed on the axial flow. The present experimental
Gx» circumferential average heat flux; investigation, conducted with air as the working fluid,
q"',  volumetric heat generation rate; is concerned with the heat-transfer characteristics for
R;, inner radius of test section tube: turbulent flow in a tube downstream of a tee.
R,. outer radius of test section tube; The objectives of the research are to obtain results
R,, mean radius, #(R,+R;}); that are both of practical and of fundamental interest.
Re,, primary test section Reynolds number, The former includes Nusselt number distributions and
4m,/unD; entrance lengths for a wide range of flow conditions.
S, flow split number, m, /m; ; With respect to the latter, it may be noted that the
Tpx, local bulk temperature; unsymmetric velocity profiles and the secondary flow
Twx(8), local wall temperature at angle 9; associated with the presence of the tee serve to activate
T.x» circumferential average wall temperature; circumferential turbulent transport. Careful measure-
T., environment temperature; ments have been made of the corresponding circum-
t, tube wall thickness; ferential variations of the heat-transfer coefficient.
X, axial coordinate measured from center of tee. There are several inflow/outflow arrangements by

Greek symbols

6,
28

angular coordinate;
viscosity of air.

which a tee can be coupled to a piping system. In the
present research, air was supplied to the center port
of a tee by means of a long, unheated hydrodynamic
development tube. The two end ports of the tee served
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as exits, and a uniformly heated tube was attached to
each exit port. One of the heated tubes, designated as
the primary test section, was employed for the heat-
transfer and temperature measurements. The other
heated tube will be referred to as the secondary test
section.

The apparatus was designed to enable the flow
entering the tee to be arbitrarily subdivided between
the two test sections. The experiments were conducted
so that for each fixed Reynolds number in the primary
test section, the flow in the secondary test section was
systematically varied from zero to the maximum con-
sistent with the instrumentation.

For the aforementioned inflow/outflow arrangement,
the flow entering the tee behaves like a jet which im-
pinges on the wall of the tee opposite the inlet. At first,
the flow is concentrated near the wall on which it
impinges. As the fluid streams out of the tee into the
respective test section tubes, it tends to move circum-
ferentially (i.e. to climb the wall) as well as axially, owing
to cross sectional pressure variations set up by the
impingement and deflection. This secondary motion
plays an important role in redistributing the flow which
was initially concentrated near the impingement wall.
Ultimately, both the secondary flow and the non-
symmetries in the velocity profile are dissipated by the
action of viscosity and turbulent diffusion.

A literature search did not reveal any prior publi-
cations dealing with the heat-transfer characteristics
for turbulent low downstream of a flow-splitting tee.
A study that is somewhat related to the present work
is that of Mills [1], who measured the axial variation
of the heat-transfer coefficient along a uniformly heated
tube fitted with various fluid inlet configurations, one
of which was a tee. Air from the laboratory room was
drawn through the inlet fitting into the test section. No
mention is made of which ports of the tee served as
inflow and outflow passages but, whatever the flow
arrangement. it was different from that studied here.
Also somewhat related to the present investigation,
especially to the case where there is no flow in the
secondary test section, are studies of heat-transfer
downstream of 90-degree mitered elbows and bends
[2-4]).

The velocity field downstream of a flow-splitting tee
was investigated by means of a laser-Doppler veloci-
meter [5]. The experiments were restricted to laminar
flow and to a single ratio of the flows through the
exit ports.

EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The design and fabrication of the experimental
apparatus was performed with painstaking care and
attention to detail. The essential features of the appar-
atus and instrumentation will be described here
whereas other details, omitted due to space limitations,
are available in [6].

Apparatus
An overall description of the apparatus is facilitated
by following the path of the airflow. Air from a central
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F1G. 1. Schematic diagrams of the experimental apparatus
{left) and of the tee assembly (right).

compressor was dried and then delivered to the labora-
tory, where it passed through an optional preheater, a
pressure regulator, control valves, and a filter. Then.
as indicated schematically in the left-hand diagram of
Fig. 1, the air entered a long hydrodynamic develop-
ment section, the downstream end of which mated with
the central port of a tec. As noted earlier, both of the
end ports of the tee served as exits, and identical
electrically heated tubes were attached to each exit.
The airflow entering the tee was subdivided between
the two exits and passed through the respective tubes.
At the downstream end of each tube was a mixing box,
a control valve, and a rotameter. Adjustment of these
control valves enabled the flow to be arbitrarily
apportioned between the tubes.

The exhaust air was vented outside the laboratory.
The orientation of the apparatus was as shown in the
figure, that is, the hydrodynamic development tube
was vertical and the heated test section tubes were
horizontal.

The test sections and the development section were
all cut from a single length of type 304 stainless steel
tubing. The inner surface of each tube was honed to a
very smooth satin finish. By use of a special gage, it
was found that the flow cross section was perfectly
circular to within 0.0005 cm (0.0002in) over the entire
length, with a mean diameter of 2.37 cm (0.933 in). The
wall thickness was determined both by micrometer and
optical comparator measurements, utilizing several
pieces of the tubing. A small, but regular circumfer-
ential thickness variation was observed, and this is
taken into account in the data reduction procedure.
The mean wall thickness was 0.0894cm (0.0352in).
Each of the heated test section tubes was 100 diameters
in length whereas the hydrodynamic starting length
was 90 diameters long. The tubes were hand straight-
ened by a technique used for straightening firearm
barrels.

The tee assembly is pictured schematically at the
right of Fig. 1. The tee itself was fabricated by modi-
fying one that was commercially available. With a view
to avoiding spurious heat conduction which would
give rise to uncertainties in the thermal boundary con-
ditions, a thin-walled, non-metallic tee made of chlorin-
ated polyvinyl chloride (cpvc) was employed. The L.D.
of the tee was finished bored to the internal diameter
of the stainless steel tubes. In addition, the axial length
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of the tee was shortened to enable the heated test section
tubes to be placed as close as possible to the center port.
This was done to avoid possible ambiguities associated
with redevelopment of the velocity field prior to the
onset of heating. The test section and entrance length
tubes were mated to the tee by means of lap joints, as
illustrated in the figure.

Heating of the test sections was accomplished by
passing electric current through the tube walls. In
designing the bus bars and current carrying leads,
consideration was given to avoiding extraneous heat
conduction, both with respect to heat losses and to the
circumferential temperature distribution in the tube
wall. If a2 copper or aluminum ring had been affixed
to the tube to convey the electric current, such a ring
would have obliterated the circumferential temperature
variations that might otherwise exist in the adjacent
section of the tube owing to the fiuid flow phenomena.
In light of this, segmented copper rings were employed
in lieu of continuous rings. Such a segmented ring was
affixed to each end of the two heated tubes. Each ring
had 12 segments.

Each segment mated with a 0.32-cm (1/8in) copper
rod whose function was to carry current to (or from)
the segment. Each rod was fitted with a guard heater
and a differential thermocouple. By adjustment of the
guard heaters with the aid of the thermocouples,
extraneous heat losses through the rods could be
suppressed.

The relatively low resistance of the test section tubes
(~0.0240Q) required a relatively high current (up to
100 A) to attain the power inputs corresponding to the
desired bulk temperature rise (~14°C or 25°F). The
current-voltage requirements were fulfilled by a power
supply which consisted of a stabilized voltage source,
an adjustable autotransformer, and a step-down power
transformer.

The test section tubes and the hydrodynamic devel-
opment length were each surrounded by a 30-cm
(12in) square plywood box whose function was to
contain insulation. The insulated zone also encom-
passed the respective mixing boxes. Three different
types of insulation were employed: silica aerogel,
fiberglass, and blown cellulose. Although silica aerogel
is the best insulator among these (thermal conductivity
less than air), its exclusive use would have been pro-
hibitively expensive. The aerogel, being a powder, was
poured into the space adjacent to the tubes where the
presence of thermocouples and other lead wires would
have precluded the use of fibrous insulations.

As an additional precaution to minimize heat losses.
the test section supports were fabricated from bakelite
with knife-edge contacts.

Instrumentation

In expectation of both circumferential and axial
variations of the heat-transfer coefficient, the test
section tubes were heavily instrumented with thermo-
couples. A total of 142 thermocouples were affixed to
each tube. At each of 17 axial stations between X/D = 2
and 60, eight thermocouples were deployed around the
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circumference with a uniform spacing of 45°. The first
thermocouple station, X/D =2, was situated 1.24
diameters downstream of the onset of heating (see
Fig. 1). The successive thermocouple stations up to
X /D = 12 were displaced from each other by a distance
of two diameters, with larger spacings thereafter.
Beyond X/D = 60, where circumferential uniformity
was expected, only a single thermocouple was installed
at each axial station. The thermocouple junctions were
affixed to the tube surface with copper oxide cement,
which is a good conductor of heat and a poor conductor
of electricity. This latter attribute affords isolation be-
tween the direct current of the thermocouples and the
alternating current passing through the test section
tube.

The inlet bulk temperature of the air was measured
by a four-prong thermocouple rake situated just up-
stream of the inlet cross section of the hydrodynamic
development length. Similar rakes were employed to
measure the bulk temperature at the exit of each of
the heated test sections. To ensure the accuracy of the
exit bulk temperature measurement, the thermocouple
rake was placed just downstream of a mixing box made
of pvc pipe fitted with three copper baffles.

All thermocouples were made from a calibrated roll
of 36-gage iron—constantan wire. The thermocouple
em.f’s were read with the aid of a digital voltmeter
to within one microvolt.

The flow rates through the test sections were
measured with the aid of rotameters positioned down-
stream of the respective mixing boxes. Each rotameter
had a rated capacity of 36scfm. The rotameters were
especially calibrated for the present experiments, there-
by enabling them to be used with confidence in the
low range of the scale as well as in the high range.

For the measurement of power input to the test
sections, a 50:1 current transformer enabled the current
to be measured by a laboratory grade ammeter with
a 0-2 A range. The voltage drop across the test section,
which never exceeded about 2.5V, was read with the
aid of a four-figure digital multimeter.

DATA REDUCTION

The evaluation of local heat-transfer coefficients from
the measured outside tube wall temperatures and power
inputs will now be described. Two types of heat-transfer
coefficients will be considered. The first is the circum-
ferentially local coefficient, that is, the coeflicient which
is specific to an angular position # as well as to an
axial station X. This quantity will be denoted by h.(6).
The other is the circumferential average coefficient at
an axial station X and is designated as h,. At sufficiently
large downstream distances, where /i, becomes inde-
pendent of X, it will be referred to as hy; (fully
developed).

The circumferentially local coefficient h.(6) is defined

as o
4x(6)

he(0) = ——— 1

( ) wa(g )_" Ex ( )

where g,(6) and T,.(0) are, respectively. the local heat

flux and local inside wall temperature at an angular
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position 8, and T,, is the bulk temperature. All of the
aforementioned quantities are specific to an axial
station X. The difference between the inside and out-
side wall temperatures depends on the level of the input
power, but was typically a few hundredths of a degree
Fahrenheit, which is at the threshold of the resolving
power of the instrumentation. For completeness, the
temperature difference across the wall was taken into
account, although it had no influence on the results.
The local bulk temperature was evaluated by adding
the temperature rise due to heat addition to the inlet
bulk.

To determine the local heat flux ¢.{f), an energy
balance is made on an element of the tube wall. Such
a balance includes the internal heat generation (ohmic
heating), conduction in the tube wall, and heat losses
through the insulation to the environment. The net
axial conduction in the tube wall at locations in the
thermal entrance region was estimated to be on the
order of a few tenths of a percent of the internal heat
generation and, on this basis, was neglected. (The net
axial conduction in the fuily developed region is zero.)
Furthermore, owing to their small magnitude, radial
temperature variations need not be considered in the
energy balance for g,(6).

Consideration may then be given to an element which
spans the thickness of the wall and subtends an angle d§.
The axial length of the clement is dX. Let R; and R,
respectively denote the inner and outer radii, R, the
mean radius =#%(R,+R;), and t the wall thickness
= (R,—R;). An energy balance for such an element
which takes account of the simplifications outlined in
the foregoing paragraph is

[g(®)]R:dOd X

d| ¢t dT,..
= q"tRn X+ky—|— dedXx—d 2
q"tR,d0dX + dO[R,,, d9:| g (2)
k. is the thermal conductivity of type 304 stainless

steel [7].

The volumetric heat generation rate ¢ is assumed
to be uniform throughout the tube wall and equal to
the measured input power divided by the volume of the
wall. The quantity dQ, represents the heat loss to the
environment. It can be written as

dQ) = [Toe(0) — T,, ] d8 d X /(res) 3

where T, is the temperature of the environment, and
(res) is the sum of the series thermal resistances of the
insulation and the external natural convection. Upon
substitution of equation (3) into (2) and after dividing
through by R;d6dX, an equation for evaluating gq.(6)
is obtained. Most of the inputs for the evaluation of
qx(0) are straightforward, but the circumferential tem-
perature derivatives and the wall thickness warrant
some explanation.

To facilitate the determination of the temperature
derivatives, the measured circumferential temperature
distributions were fit with a trigonometric polynomial
in the angular coordinate 6, with # = 0 at the 12 o’clock
position on the tube circumference. In view of the near
symmetry of the temperature distribution with respect
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to 6 = 0, a series involving even powers of the cosine
was employed, that is

Tox(8) = ¥ao +ay cos 8+ a, cos 20 4

where the coefficients a, are evaluated from [8]

8
a, = (1/4) Y T,.(6)) cos nb; (5)
j=1
with 8; = (j— 1)n/4. The T,.{0;) appearing in equation
(5) represent the measured temperature values.

With respect to the wall thickness, it was found by
measurement that although both the inner and outer
surfaces of the tube were nearly perfect circles (to within
0.0002in), the centers of the respective circles were
slightly displaced. This gave rise to a circumferential
variation of the wall thickness that can be represented as

¢t = 0.0352 -0.0022 cos 6 (6)

where the values are in inches.

With equations (3)—(6) as input, the local heat flux
was evaluated from (2). Then, in turn, the circum-
ferentially local heat-transfer coefficient was computed
from equation (1).

The circumferential average heat-transfer coefficient
is defined here as

Gx
r == 7
" wa— Ti’x ( )
in which
Ge = (1/27r)J‘ qx(6)deg (8)
0
"2z 8
T, = (127) J Toa(0)d0 = (1/8) T Toel®). ()
0 j=1

A dimensionless representation for i, was achieved via
the circumferential average Nusselt number Nu,

Nu, = h.Djk (10)

where D = 2R;, and k is the thermal conductivity of
air at the local bulk temperature Ty,.

Two flow parameters will be employed in the
presentation of the results. One of these is the Reynolds
number Re, for the primary test section

Rey = 4m\junD. (11

The quantity m, is the rate of mass flow in the primary
test section, and u is the viscosity of air evaluated at
the mean of the inlet and outlet bulk temperatures.
The second flow parameter is the flow split number S,
which is defined as

S = my/m, (12)
where the subscript 2 corresponds to the secondary
test section. As indicated by equation (12), S represents
the ratio of the mass flow in the secondary test section
to that in the primary test section.

RESULTS AND DISCUSSION

The presentation of results will be subdivided into
two sections. The first section is devoted to circum-
ferential average Nusselt numbers and to related quan-
tities such as thermal entrance lengths and fully
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developed Nusselt numbers. The second section con-
tains results for the circumferential variation of the
heat-transfer coefficient.

Circumferential average Nusselt numbers; entrance
lengths

The approach taken in presenting the circumferential
average Nusselt number results is to focus on a specific
primary Reynolds number Re; and to parametrically
vary the flow split number S from zero to the maximum
value consistent with the flow metering capacity in the
secondary test section. For each Reynolds number and
flow split number, Nu,/Nu,, is plotted as a function
of the dimensionless axial coordinate X /D, where X = 0
is measured from the geometric center of the tee. The
onset of heating is at X/D = 0.76. The use of Nu,/Nuy,
as the presentation variable causes all of the curves to
approach unity at sufficiently large X/D.

The results are presented in Figs. 2 and 3. The first
of these is for primary Reynolds numbers of 47900,
38000 and 28 000. whereas the second gives results for

3
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FiG. 2. Circumferential average Nusselt numbers,
Re, = 47900. 38 000 and 28 000.
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F1G. 3. Circumferential average Nusselt numbers.
Re, = 18700, 9300 and 5400.
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Reynolds numbers of 18 700, 9300 and 5400. Each of
these figures is a composite of three graphs, with each
graph corresponding to a specific Reynosis number.
The various curves for each Reynolds number are
parameterized by the flow split number S.

It is seen from the graphs that the axial distribution of
Nu,/Nuy, has the same general character as that for
the thermal entrance region of axisymmetric tube flows.
That is, the Nusselt number has its largest value in the
neighborhood of the inlet and decreases monotonically
with increasing downstream distance, finally attaining
a constant, fully developed value. Aside from this
similarity in trend, there are important differences
between the present results and those for conventional
thermal entrance regions.

One major difference is in the magnitude of the
Nu,/Nuy, ratio in the entrance region. To underscore
this point, representative literature results for turbulent
axisymmetric air flow in uniformly heated tubes are
presented in Table 1. The Nusselt number ratios listed
therein* correspond to an axial station that is 1.24
diameters downstream of the onset of heating. These
results may be compared with those at the first measure-
ment station of the present experiments. That station,

Table 1. Nu and (X/D), information for axisymmetric

air flow
Ref. Type  Nominal Re (Nu,/Nusdi2e (X/D),
1] Expt  20-50 x 10° 137 8-9
[91 Expt 20 x 10° 1.34 8
[10]  Expt 50 x 10° 1.34 8
[11]  Anal 30 x 10° 1.23 5
[12] Anal 50 x 10* 1.36 12

situated at X/D =2 with respect to the geometric
center of the tee, is also 1.24 diameters downstream
of the initiation of heating.

Aside from that of [11], the Nux/Nug, of the table
are about 1.35. These results are for an initially fully
developed velocity profile. For simultaneously develop-
ing velocity and temperature fields, [1] and [11] give
Nusselt number ratios of 1.50 and 1.37, respectively.

The aforementioned values may be contrasted with
those of Figs. 2 and 3 at X/D = 2. It may be noted
that at this station, the smallest Nusselt number ratios
(those for S = 0) are in the range 2 to 2.35 whereas
the largest ratio (at § = 8.85) is about 6.2. Clearly, the
presence of the tee gives rise to substantially higher
entrance region Nusselt numbers than are encountered
in conventional pipe fiows. Thus, the tee plays the role
of an augmentation device.

There are a number of factors which contribute to
the augmentation of the heat-transfer coefficients. One
of these is the increased turbulence associated with the
jet-like impingement and deflection that was men-
tioned in the Introduction. Another contributing factor

*The overbar on Nu, is superfluous for the axisymmetric
case. but is retained to be consistent with the notation used
throughout the paper.
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is the nature of the velocity distribution. In conven-
tional axisymmetric pipe flows, the region of higher
velocities is well away from the heat-transfer surface,
ie. from the wall. On the other hand. downstream of
atee with the inflow/outflow arrangement of the present
experiments, there are regions of high velocity near the
tube wall which, in effect, give rise to a scouring of
the wall. Furthermore, with increasing §, the velocities
which scour the wall are increased even though the
primary Reynolds number Re; may be fixed. This is
because the velocity of the fluid entering the tee is
proportional to the sum of the mass flows m, and m,
in the primary and secondary test sections. Thus, the
entering velocity increases with S at a fixed value of
Re,, and this causes an increase in the velocity in the
deflected flow.

The foregoing discussion points up the significant
influence of the flow split parameter S on the entrance
region Nusselt numbers. The range of § values that
were attainable with the present instrumentation was
different depending on the primary test section
Reynolds number Re;. At the lowest Re, value of the
experiments (Re; = 5400), the range of § extended from
zero to 8.85, whereas at the highest value of Re,
(Re; = 47900), the range of S was from zero to one.’

Examination of Figs. 2 and 3 indicates that in the
initial portion of the entrance region, the Nusselt
number distributions are arranged in a regular order
as a function of S. In the intermediate and downstream
portions of the entrance region, a number of trends
are in evidence depending on the range of S. At the
two largest Reynolds numbers, 47900 and 38000,
where the range of S is essentially from zero to one,
all of the curves for S > 0 merge into a single curve
for X/D > 8. For Re, = 28000, where S ranges from
zero to 1.72, there is a somewhat greater spread.
although merging of curves is still in evidence. At
Re; = 18700, the curves for the various § numbers are
generally distinct from each other. Of particular interest
is the relatively large spread between the curves for
S = 2,04 and 2.57. Inasmuch as a similar spread occurs
in this same range of S at other Reynolds numbers
(e.g. between S = 2.02 and 3.04 for Re; = 9300), we
believe that it is indicative of a change of flow regime.
A second transition is also in evidence for the large S
values which were attained at Re; = 9300 and 5400.
For § greater than about 5, the curves actually dip
below those for certain smaller § values.*

The nature of the aforementioned changes of flow
regime cannot be identified with complete certainty.
They may be related to laminar—turbulent transition
in the wall jet that is formed downstream of the tee.
Another possible factor is the collision of the two
branches of the wall jet that respectively flow clockwise
and counter-clockwise adjacent to the two vertical
halves of the tube wall.

As a final item with respect to the Nu,;Nu, ratios,
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it is interesting to compare the present results for the
S = 0 case (no flow in the secondary test section) with
those for a 90-degree mitered elbow. Measurements of
the heat-transfer coefficients downstream of such an
elbow were carried out in [2] and [3]. respectively for
water and air flows. Both investigations reported a
maximum value of Nu,/Nus, of about two. This com-
pares very favorably with that for S = 0 in Figs. 2 and 3.
Attention will now be turned to another aspect of
the distribution curves of Figs. 2 and 3, namely, the
length of the thermal entrance region. The dimension-
less thermal entrance length, (X/D),. will be defined
here as the downstream distance from the geometric
center of the tee where Nu,;Nu;y = 1.05. The thermal
entrance length results are plotted in Fig. 4 as a
function of the flow split number S, with Reynolds
number as a parameter. The data points have been
interconnected by lines to provide continuity.

Re,

o 5400
50 o 9300
r- A 18700
& 28000
40 - & 38000
A 47900
( 5) 30
0 e
20
0+
o " . N .
o} 2 4 6 8

Flow split number S

FI1G. 4. Thermal entrance lengths.

To provide a baseline for comparison purposes,
representative thermal entrance lengths for axisym-
metric tube flows with an initially fully developed
velocity profile are listed in Table 1. The consensus of
the table is an (X /D), of about eight. In contrast. the
thermal entrance lengths of Fig. 4 are appreciably
larger.* For the case of S =0, where the smallest
(X /D). values of the present investigation are attained.
the entrance lengths are 2 to 3} times larger than that
of the axisymmetric tube flow. Even greater differences
are in evidence for S > 0. These findings are consistent
with the fact that substantial lengths are required to
redevelop the complex flow field downstream of a tee.

Figure 4 indicates that the entrance lengths are larger
at higher Reynolds numbers and vary in a rather com-
plex manner with §. With increasing S, an initial in-
crease in the entrance length is followed by another
increase at the aforementioned first flow transition
threshold and then by a decrease at the second flow
transition threshold. Aside from these major features,
there are minor local variations which are, in all
likelihood, due to uncertainties in reading results from
the relatively flat portions of the curves of Figs. 2 and 3.

*Specifically, the curves associated with S numbers
greater than the second transition threshold dip below those
for S values that exceed the first transition threshold.

*This conclusion is in no way affected by the slightly
different definitions of (X,D), in the figure (X = 0 at the
center of the tee) and the table (X = 0 at the onset of heating).



Heat-transfer coefficients in a tube downstream of a tee 1211

Owing to this flatness, small uncertainties in Nu,/Nu g,
are magnified in their effect on (X/D),.

As a final item with respect to the Nu, results, brief
mention may be made of the fully developed values,
Nuy,. At a fixed Reynolds number, the Nuy, values for
the various flow split runs never differed by more than
19, from their mean. Furthermore, the data agree to
within 39, with the analytical predictions of (12) in the
range above Re; = 10000 where the turbulence model
of the analysis should be valid. It may also be noted
that the energy balances were generally satisfied to
within 1.5%,.

Circumferential variations of the heat-transfer coefficient

There are two hydrodynamic phenomena which
principally contribute to the circumferential variations
of the heat-transfer coefficient. One is the wall jets
created by the impingement—deflection process in the
tee. The other is the recirculation zone situated in the
upper part of the cross section at stations just down-
stream of the tee. The two phenomena are interrelated.
The recirculation zone exists because the flow entering
the tee impinges on the wall opposite the inlet port
and is, therefore, concentrated adjacent to that wall
(i.e. in the lower part of the cross section). The wall
jets are fed by the deflection that takes place on the
impingement wall. The wall jet that streams into the
test section tube can be envisioned as being made up
of two branches that respectively flow clockwise and
counter-clockwise adjacent to the two vertical halves
of the tube. This circumferential motion delivers sub-
stantial amounts of air from the lower part of the cross
section, where it was initially concentrated. to the upper
part of the cross section.

Although the causes of the circumferential variations
can be identified, the details of their action (and inter-
action) are too complex to be explained without fluid
flow measurements of the type reported in [5]. Of
particular complexity is the response of the wall jet
trajectory and of the position of the recirculation zone
to changes in the flow split number S.

With this as background, the circumferential distri-
butions of the heat-transfer coefficient h.(8) will now
be presented. The results are given in terms of the ratio
h.(8)/hy, where h, is the circumferential average coef-
ficient at the axial station in question. The h,(8)/h, ratio
will be plotied against the angular coordinate 6, where
6 =0 is at the top of the tube and 0 = = is at the
bottom. Owing to symmetry, it will be sufficient to
focus the discussion on the range between 6 = 0 and
0=mn.

The results for Reynolds numbers of 47900, 18 700,
9300 and 5400 are presented in Figs. 5-8. Similar
figures for Re; = 38 000 and 28 000, omitted here owing
to space limitations, are available in [6] and show
trends that essentially are identical to those for 47 900.
Each figure is subdivided into several graphs, each of
which is for a fixed value of S. Results are given for
axial stations X/D = 2. 4. 6, 8 and 60 in each graph.

The circumferential variations are seen to be confined
to small values of X/D. In almost all cases, circum-
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FiG. 5. Distributions of the local heat-transfer coefficient
around the circumference of the tube, Re, = 47900.
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F16. 6. Distributions of the local heat-transfer coefficient
around the circumference of the tube, Re, = 18 700.

- Al 1 J

LAt 4 0 "

ferential uniformity within + 2% of the mean is attained
at X/D = 8. The most significant variations are those
at the first measurement station, X/D = 2, where
deviations as large as 30°%, from the mean are in
evidence.

The circumferential distribution curves at X/D = 2
are strongly influenced by the value of S. For § =0,
the maximum heat-transfer coefficient occurs at 6 =0
(top of tube) and the minimum at 6 = = (bottom of
tube). Evidently, the circumferential transfer of air from
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Fi1G. 7. Distributions of the local heat-transfer coefficient
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F1G. 8. Distributions of the local heat-transfer coefficient
around the circumference of the tube, Re; = 5400.

the bottom of the tube to the top of the tube is highly
efficient in this case. With increasing S, the maximum
shifts toward the side of the tube, producing an
“M"-shaped curve with minima at the top and bottom.
When S surpasses a value of about two, a flattening
occurs and the maximum moves nearer to the bottom
of the tube (Figs. 6 and 7). Then, when S exceeds five,
the minimum at 6 = 0 appears to deepen (Figs. 7 and 8).
It is interesting to note that the § values of two and
five correspond, more or less. to the two flow transition

D. A, WesLEY and E. M. Sparrow

thresholds identified earlier. The variety of shapes
evidenced by the distribution curvesat X. D = 2 testifies
to the complexity of the flow field.

The distribution curves at XD = 4 and 6 are simpler
in form and less responsive to variations of S. Typically,
at these stations, the transfer coefficient attains its
maximum value at the bottom of the tube and its
minimum value at the top of the tube.

It was mentioned earlier that the circumferential dis-
tributions were insensitive to the Reynolds number in
a certain range. This characteristic will now be exam-
ined in greater detail with the aid of Fig. 9. The figure
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F16. 9. Circumferential distributions of the heat-transfer
coefficient for S=0and S=1.

is subdivided into two halves, with the left half corre-
sponding to S =10 and the right half to S =1, At
X/D=2 4 and 6, h{0)h, distribution curves are
plotied as a function of 6 with the Reynolds number
as a parameter. The data for Reynolds numbers
between 18 700 and 47900 are nearly coincident, with
the maximum deviation of any data point from the
mean in this range being less than 29, The deviations
increase at the lower Reynolds numbers, 9300 and 5400,
although the trends are preserved. These deviations can
be attributed 1o laminar flow effects. Figures similar
to Fig. 9 -are available in [6] for other values of S.

CONCLUDING REMARKS

It has been found that the presence of a flow-splitting
tee at the inlet of a heated circular tube has a marked
influence on the turbulent heat-transfer characteristics
of the tube flow. These effects were investigated by
systematically varying the flow split number § at each
of six primary test section Reynolds numbers ranging
from 5400 to 47900.

The heat-transfer coefficients in the thermal entrance
region were very much higher than those for conven-
tional axisymmetric turbulent tube flows. At an axial
station where Nu./Nuys ~ 1.35 for a conventional flow.
values of Nuy/Nu 74 between two and six were attained
in the presence of the tee, depending on the flow split
number §. Thus, the tee plays the role of an augmen-
tation device. Furthermore. the length of the thermal
entrance region was substantially greater in the
presence of a tee. Entrance lengths ranging from 17
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to 50 diameters were encountered for the operating

range of the present experiments, in contrast to the -

eight-diameter entrance length that is typical for axi-
symmetric flows.

Circumferential variations of the Nusselt number
were found to be confined to the initial part of the
entrance region, with circumferential uniformity being
attained at a downstream length of about eight
diameters. At the first measurement station (two
diameters from the geometric center of the tee), the
circumferential distributions exhibited deviations of up
to 309 from the circumferential average. For a given
flow split number, the circumferential distributions of
h(6)/h, were virtually independent of primary Reynolds
numbers in the range from 18 700 to 47 900.

Both the circumferential average and circumfer-
entially local heat-transfer results are suggestive of
highly complex fluid flow phenomena.
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COEFFICIENTS LOCAUX ET GLOBAUX DE TRANSFERT TURBULENT DE
CHALEUR SUR LA CIRCONFERENCE D'UNE TUBE EN AVAL D'UN TE

Reésume—Des expériences ont été effectuées afin de déterminer les coefficients de transfert de chaleur
sur la circonférence et dans la Jongueur d'un tube chauffé situé en aval d’un té départageant 'écoulement.
Dans la configuration utilisée P'air était délivré & la branche centrale du té aprés un long parcours
d’établissement dynamique sans chauffage et ressortait du té par ses deux branches latérales. Des tubes
chauffés identiques, comportant chacun un controle de débit, ont été adaptés a chaque section de sortie.
L'un d’entre eux a été utilisé comme section test primaire. Les expériences ont été réalisées pour plusieurs
nombres de Reynolds fixés dans la section test primaire, et & chaque nombre de Reynolds, I'écoulement
a travers la sortie secondaire variait systématiquement. Les coefficients de transfert de chaleur, moyens
sur la circonférence, dans la région d’établissement du régime thermique ont été trouvés nettement
supérieurs a ceux obtenus en tube circulaire conventionnel. De plus, 1aiongueur de la région d’établissement
du régime thermique était trés supérieure du fait de la présence du té. Les variations circonférencielles
du coefficient de transfert de chaleur, sont limitées a la partie initiale de la région d’établissement, et
une distribution circonférencielle uniforme était atteinte aprés huit diamétres au plus, comptés a partir
du centre du té. Au niveau de la premiére section de mesure (située a deux diameétres du centre du té), les
distributions circonférencielles présentaient des écarts atteignant 30 pour cent de la moyenne
circonférencielle.

_DIE LOKALEN UND MITTLEREN WERTE DES TURBULENTEN
WARMEUBERGANGSKOEFFIZIENTEN AM UMFANG EINES ROHRES
HINTER EINER T-VERZWEIGUNG

Zusammenfassung— Es wurden Versuche zur Bestimmung des Wiarmeiibergangskoeffizienten am Umfang
und ldngs eines beheizten Rohres, welches sich stromabwirts von einer T-Verzweigung befindet, durch-
gefiihrt. Die iiber eine unbeheizte hydrodynamische Anlaufstrecke dem T-Stiick zugefiihrte Luft wurde
iiber beide Enden des T-Stiickes abgezogen. An die Ausgénge des T-Stiickes wurden identische Heizrohre
angeschlossen, welche beide mit einer Durchflufregelung versehen wurden. Eines der Heizrohre diente
als Primir-Versuchsstrecke. Die Versuche wurden bei verschiedenen Reynoldszahlen in der Primir-
versuchsstrecke durchgefiihrt; bei jeder Reynoldszahl wurde die Stromung durch das Sekundér-Rohr
systematisch variiert. Die iiber den Umfang gemittelten Wirmeiibergangskoeffizienten in der thermischen
Einlaufstrecke erwiesen sich als viel grofer als bei konventionellen axialsymmetrischen Rohrstrémungen.
Durch das Vorschalten des T-Stiickes wurde auBerdem die thermische Einlauflinge wesentlich vergroBert.
Eine Abhingigkeit der lokalen Wirmeiibergangskoeffizienten vom Umfangswinkel war lediglich im ersten
Teil der Einlaufstrecke zu beobachten; nach einem Abstand vom Mittelpunkt des T-Stiickes, der etwa
dem 8-fachen Rohrdurchmesser entsprach. konnten keine Unterschiede in den lokalen Warmeiibergangs-
koeffizienten mehr festgestellt werden. An der ersten MeBstelle (Entfernung zweifacher Durchmesser vom
Mittelpunkt des T-Stiickes) wichen die lokalen Wirmeiibergangskoeffizienten bis zu 309, vom gemittelten
Wert ab.
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JIOKAJIBHBIE U CPEOHHUE KORPDOULIMEHTBIL TYPBYJIEHTHOIO TEIMNJIOMEPEHOCA,
BHH3 10 MOTOKY OT T-ObPA3HOI'O BbICTYIIA B TPYBE

AnmoTams — [TpOBOOWINCH IKCNIEPHMEHTLI INA ONpeleseHA KO3POULIHEHTOB TenaonepeHoca Kak
N0 OKpYXHOCTH, Tak U BIO/Nb Y4aCTKa HarpesaeMoil TpyGbl, PacMONOKEHHOrO BHU3 MO MOTOKY OT
T-06pa3Horo BhICTYNA, pa3gensiomero noToxk. Mccnenopanca notok, 8 KOTOpOM BO3AYX M0AaBaICH
B UCHTPAJBHYIO 4acTh T-00pa3HOTrO BLICTYNA [0 AJHHHOMY HEHAarpeBacMoMy y4acTKy, rie npo-
HCXONWIO MAPOOMHAMMMECKOE DA3BHTHC TEHMCHHH, H BbIAYBAJICA 4epel [Ba KOHUEBLIX OTBEPCTHS
BhicTYna. K xaxaoMy BbIXOJHOMY OTBEPCTHIO ObLIH NMOABENECHb! ONMHAKOBO HarpeBaembie TpyOxy,
HMEIOLIHE CBOH peryaaTop pacxoaa. OaHa u3 HarpesaeMblx TPYGok npeactabnana coboit OCHOBHOM
IKCNEPHMEHTAJILHEIA yYacToK. OINBITHI MPOBOOMIMCHL NPH HEKOTOPLIX MOCTOAHHLIX vucnax Peii-
HOJbJCA I OCHOBHOT'O IKCTNIEPHMEHTA/ILHOIO y4acTka. [Ipu Bcex uucnax PeftHoabaca NPOKUCXOANIIO
CHCTEMATHYECKOe M3MEpeHHe pacxoda uepe3 sTopoe orsepcrtue. Haliaexo, uro cpeamue xoxpdu-
LUHEHTH TEMMONepeHoca MO OKPYXHOCTH B HA4ajJbHOM YHAaCTKE HArpesa CyuIeCTBEHHO Gofbuie
3HaYeHUH XO3pOULUMEHTOB TEMIONEPEH . a A1 OOLIYHOro OCeCHMMETPHYHOTO NoToka. Kpome Toro,
JUIAHA HayajbHOro 0003PEeBAEMOro y4YacTKa CYLUECTBCHHO Goablue M3-3a Hanuuus T-o6pa3Horo
BulcTyna. Vi3mMeHeHHA [O OKPYKHOCTH KO3(D(HMUHEHTOB TemonepeHoca HabmoJalHch TOMBLKO Ha
Ha4aJbHOM YYACTKE, a HA PAacCCTOAHMH 0Kko10 8 IHaMETpos OT UeHTpa T-o6pa3Horo seicTyna Habato-
NAJIHCh PABHOMEPHBIE PACTIPENE/ICHHA O OKPY)XXHOCTH KO3hduuHeHTOB Temonepenoca. Ha nepsoi
cTaOAd H3MEpEHHH (IBa IHaMeTpa OT UEHTpa 7-00pa3HOro BbICTYHA) OTKJIOHEHHS paclpeneneHuit,
K03 PHLHEHTOB 0 OKPYXKHOCTH COCTaBNANH 30, OT CpeaHHX 3Ha4EHHH.



