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Introduction

HIS Note presents the results of an experiment designed
to measure thermal transients induced by a sudden trans-
verse injection of a fluid into a main flow of different tem-
perature. Mixing problems of this nature are commonly en-
countered in such industrial applications as chemical processing,
petroleum refining, and electrical power production. For ex-
ample, in a boiling water reactor (BWR) of a nuclear power
plant, reactor cleanup water is injected into the main feed-
water flow. The cleanup water line is mounted transversely
to the feedwater line. The temperatures of the main flow and
injection flow are, in general, different from each other. A
mixing region exists downstream of the injection point, wherein
radial, circumferential, and longitudinal temperature gra-
dients exist in the flow. During startup and shutdown oper-
ation, large temperature and flow rate changes occur in the
mixing region. The transient fluid temperatures are strongly
coupled with the pipe wall thermal response.
A search of the existing literature indicates that although
a large number of references have been published on thermal
mixing problems, very little work has been conducted on tran-
sient thermal mixing for transverse injection in cylindrical
geometry. Pryputniewicz and Bowley’ presented the temper-
ature characteristics of a hot rising plume as a function of
discharge Froude number and discharge depth. Salzman and
Schwartz? investigated the trajectory and dispersion of a solid-
gas jet injected into a transverse stream. Kamotani and Greber?
and Chassaing et al.* examined the longitudinal and transverse
distributions of velocity, temperature, and turbulence inten-
sity of turbulent circular jets issuing into a crossflow. Wu et
al.® studied four slotted cross section jets in crossflow and
compared their behavior with circular jets. Unsteady jets were
also investigated. Oosthuizen® studied the behavior of heated
air jets discharged vertically from “‘shaped” circular nozzles
into still air. Sherif and Pletcher’” measured mean and fluc-
tuating temperature fields of a heated jet discharging into
cold water. Andreopoulos® presented mean temperature
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measurements and velocity-temperature fluctuations in a heated
jet issuing perpendicularly into a cold stream at various ve-
locity ratios. Andreopoulos® performed spectral analysis and
flow visualization on a jet issuing perpendicularly into a de-
veloping crossflow. Sherif and Pletcher,'® Andreopoulos,!
and Andreopoulos and Rodi** measured turbulence charac-
teristics of round jets in crossflow. Krausche and Fearn'? stud-
ied the influence of injection angle of a round jet in a crossflow
on vortex properties.

Amos and Moody'* presented a procedure for predicting
temperature loadings for thermal stress calculations in thick-
walled pipes. It was shown that the longitudinal temperature
gradient in a thick-walled pipe will cause less thermal stress
than would be predicted from thin-walled theory. Konduri et
al.’’ described an experiment on a one-fourth scale model
designed to simulate the mixing process that occurs in the
feedwater line of a BWR nuclear powerplant following trans-
verse injection of hot reactor cleanup water. The transient
temperature response of the pipe wall in the mixing region
was found to vary in a first-order manner.

Experimental Program

A water flow loop was constructed in order to investigate
the effects of suddenly mixing two fluid streams of different
temperatures. The scale model experiment was designed to
simulate the thermal mixing process which occurs in the main
feedwater line of a BWR power plant. The flow rates in the
main feedwater line and in the injection line were determined
by means of orifice plates which had been calibrated in situ.
Wall temperatures were monitored at different locations in
the test section by means of copper-constantan thermocouples
mounted flush with the pipe wall. For a complete description
of the test setup and a discussion of experimental uncertain-
ties, refer to Konduri et al.**

Two types of transient flows were studied. In the first type,
water at room temperature was flowing steadily in the main
feedwater line while the “hot” water was injected suddenly
through the injection line. This type of test is referred to as
hot injection. In the second type, the main feedwater flow
was initially shut off by a valve. Hot injection water flow was
pumped through the injection line, thereby inducing a steady
flow rate through the test section of the main line. The tran-
sient was created by suddenly starting the main feedwater
flow. This type of test is referred to as cold injection.

Thermal Model

In the mixing region, the transient pipe wall response was
found to be first-order in nature, being described by a time
constant 7. For a step change in fluid temperature, the pipe
wall temperature varied exponentially with time ¢ as

)] = exp[~(#/7)] Y

In this case, T is the local pipe wall temperature. Note that
a subscript 0 implies a feedwater line mixed value, whereas
subscripts 1 and 2 denote initial feedwater and injection line
values, respectively. The dimensionless time constant is de-
fined by

[(T - To)/(T1 -
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where V is the mean fluid velocity, and X is the axial distance
from the injection point. The transient mixing in the mixing
region depends on the turbulence level at that point. Because
this is a transverse injection problem, the turbulence level
depends on both the main feedwater flow and injection water
flow velocities. The Reynolds number ratio Re* is defined as
the ratio of the Reynolds numbers of the main flow to that
of the injection flow
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where u is the fluid viscosity, and D is the pipe diameter.
The mixing is dependent on the Reynolds numbers of both
flows, therefore, in this study the functional relationship is
proposed as follows:

™ = C(Re*)y"Pr" 4)

where Pr is the Prandtl number.

Results

The transient temperatures climbed sharply to their final
mixed mean temperatures at axial locations nearest to the
injection point. Downstream from the injection point, the
thermal response was slower, such that the temperatures ap-
peared to change exponentially with time. Hence, the first-
order response model appears to describe the data in the
mixed region of the test section. This mixed region occurs
after a development length of approximately three pipe di-
ameters.

The Reynolds number ratio was calculated for all tests. A
polynomial curve was used to relate Re* and the average time
constant in the mixing region #*. For hot injection tests at 93
and 66°C injection flow temperature, the resulting equation
obtained by a least-squares curve fit is given by

* = 0.528(Re*)~03572Pr0457 (5)

This relation is plotted in Fig. 1. For cold injection tests at
93 and 66°C injection flow temperature, the resulting curve
fit equation is given by

’}* — 0.130(Re*)—0A592Pr1.2811 (6)

This curve is plotted in Fig. 2. In either type of test, the Prandtl
number was evaluated at the final mixed temperature of the
fluid T,. The Reynolds number ratio was evaluated at the
initial temperatures in the feedwater line and injection line,
T, and T, respectively.

Conclusions

Significant circumferential and axial temperature gradients
were observed in the mixing region for all flow rate combi-
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nations. Pipe wall temperatures opposite the point of hot
water injection were higher than other circumferential loca-
tions prior to mixing. The time constants of pipe wall tem-
perature transient response increased in the direction of flow,
but varied inversely with the velocity of the mixed flow in the
feedwater line.

Based upon the final mixed state, the actual Reynolds num-
bers in the test section ranged from 6.5 X 10% to 3.4 x 10°
for all water experiments. The high momentum of the com-
bined flows precluded the possibility that buoyancy effects
were significant in the initially stratified flow. This is sup-
ported by calculation of the Grashoff numbers in the mixing
region.

It was found that the dimensionless time constants for sites
on the pipe wall located more than three pipe diameters down-
stream from the injection point varied about a narrow band
of values. Therefore, after three pipe diameters the mixing
was primarily axial in nature. Appropriate scaling collapses
the time constant data onto a single curve in the axial mixing
region over the Reynolds number ratio range 0.01 < Re* <
0.45. A one-dimensional exponential response model does
not describe the time constant data in the development region
upstream of three pipe diameters, wherein circumferential
fluid mixing is intense.
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Nomenclature
D hydraulic diameter of ducts, cm
H,, H, = water levels in upper tank and lower tank,
respectively, cm

I

Nu = Nusselt number

q = heat flux, W/m?

Re = Reynolds number

v = average velocity of the fluid in ducts, cm/s
V, = local velocity of the fluid in ducts, cm/s
X = distance from inlet, cm

0 = intersection angle, deg

Subscripts

b = bottom and top

e = entrance

in = inner

L = left duct
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0 = outlet
out = out
R = right duct

Introduction

SYSTEM of mutually intersecting flow passages inside
a plate or an assembly of plates, as shown in Fig. 1, is
called a flow network. It has been discovered that a ramming
of mutually intersecting flows results in a significant increase
in convective heat transfer performance. Therefore, flow
networks may serve as effective heat transfer devices with
potential applications in industry, i.e., plate-type heat ex-
changers. Unfortunately, both theoretical and experimental
investigations dealing with fluid flow and heat transfer in the
networks are not available. Recently, a number of studies
have been conducted to determine the pressure drop and heat
transfer performance inside flow networks: Zhang et al.! con-
ducted an experimental study on flow characteristics in flow
networks with various geometries. In it, the intersecting pres-
sure loss coefficient was defined and its magnitude determined
as a function of geometric and flow conditions and a physical
model was developed to predict the intersection pressure loss.
The study concluded that a network with an intersection angle
of 60 deg is the optimal geometry for the minimum inter-
secting pressure loss. Two additional investigations followed
to aid in further understanding the flow behavior and heat
transfer performance in the optimal flow network. The first
used the hydrogen bubble method to observe flow patterns
and mixing behavior in the intersection channel.? The second
was a systematic measurement on the local heat transfer per-
formance.® Both equal and unequal isoheat fluxes between
the walls were treated. Recently, a hydraulic test setup of
flow networks was constructed by Umeda et al.* for 1) a flow
visualization study using both the dye injection and hydrogen
bubble methods, 2) flow measurements by means of the laser
Doppler velocimetry, and 3) pressure measurements using a
piezometer.
This Note combines and compiles the results from the above-
mentioned four investigations and explains in detail the me-
chanics of fluid flow and heat transfer in the flow networks.

Hydrodynamics in Flow Networks

Figure 1 is a schematic of a hydraulic recirculating flow
system for testing flow inside two intersecting square ducts.
The flow network was placed between two head tanks sep-
arated by a distance of 30 cm. The water level in the upper
tank was maintained at a higher head of H, and that in the
lower tank at a lower head of H,. The difference (H, — H,)
caused a flow through the two ducts with an intersection angle
of g. A pump was employed to recirculate the flow. Each
duct was square, 1.5 X 1.5 ¢cm in cross section, and made of
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Fig. 1 Schematic of hydraulic recirculating flow system.



