MONTANA

STATE UNIVERSITY

Latent heat recovery from a counterflow direct contact falling droplet heat exchanger
by Stephen Edward Izbicki

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Mechanical Engineering

Montana State University

© Copyright by Stephen Edward Izbicki (1986)

Abstract:

Heat recovery in one configuration of a direct contact counterflow, falling droplet heat exchanger
(DCHX), from natural gas combustion products was evaluated in terms of sensible and latent
effectiveness. Effectiveness was found for uniform and nonuniform water droplet streams, and high
and low inlet gas humidity ratios over a range of droplet flow rates and inlet gas temperatures. A
droplet generator was built and tested to characterize droplet uniformity under various operating
conditions. Uniform droplets were produced by vibrating the droplet generator at a fixed frequency and
amplitude. Results agree well with those predicted by Rayleigh's theory on the instability of liquid jets.
A stream of nonuniform drops, having standard deviations two to four times higher than the uniform
stream, was produced when the generator was not vibrated. Preliminary heat exchange studies show
single phase energy and two phase mass balances within about 6 %, indicating reasonable accuracy of
temperature and flow measuring apparatus. DCHS effectiveness, defined in sensible heat recovery
terms, is. shown to be further from its thermodynamic limit than that of a standard (no direct contact)
counterflow heat exchanger in the same range of NTU values. A modified effectiveness is defined
which includes the latent heat availability of the inlet gas stream. Modified effectiveness values were
about 50% of their sensible counterparts indicating that latent heat recovery could be significantly
improved.
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ABSTRACT

Heat recovery in one configuratiom of a direct contact
counterflow, falling droplet heat exchanger (DCHX), from
natural gas combustion products was evaluated in terms of
sensible and latent effectivemness. Effectiveness was found
for uniform and nonuniform water droplet streams, and high
and low inlet gas humidity ratios over a range of droplet
flow rates and inlet gas temperatures . A droplet gemerator
was built and tested to characterize droplet uniformity
under various operating conditions. Uniform droplets were
produced by vibrating the droplet generator at a fixed
frequency and amplitude. Results agree well with those
predicted by Rayleigh's theory on the instability of liquid
jets. A stream of nonuniform drops, having standard devia-—
tions two to four times higher than the uniform stream, was
produced when the gemnerator was not vibrated. Preliminary
heat exchange studies show single phase energy and two phase
mass balances within about 6%, indicating reasonable ac-—
curacy of temperature and flow measuring apparatus. DCHX
effectiveness, defined in sensible heat recovery terms, is
shown to be further from its thermodynamic limit than that
of a standard (no direct contact) counterflow heat exchanger
in the same range of NTU values. A modified effectiveness is
defined which includes the latent heat availability of the
inlet gas stream. Modified effectivemess values were about
50% of their sensible counterparts indicating that latent

heat recovery could be significantly improved.




CHAPTER I
INTRODUCTION

Substantial amounts of low temperature energy, with the
potential fo redgce fuel consumption, are being lost through
combustion gas exhaust streams. Examples of such situnations
are industrial boilers, gas }urbine exhausts, domestic hot
water heaters and wood stoves. As fuel costs escalate and
its availability decrea;es, the need for technology to re-
cover this wasted energy wiIl‘become'increasingly more im-—
portant. Existing recovery methods consider minimum flue
gas exit températufes to be 400-420°K, This témperature is
usually limited by the need to -avoid forming acidic conden-
sate in the heat exchanger.[1,21]

Direct contact heat exchangers (DCHX) afford several
advantages over conventional types. For conventional heat
exchangers, the intermediate heat e;change surfaces increase

thermal resistance thereby decreasing system efficiency. In

addition, these surfaces are prone to corrosiom and scaling
which further increases thermal resistancé and requires
maintenance. Since the DCHX has no such surface these
problems do not exist. 'It is estimated that heat transfer
coefficiént§ ten times higher are possible using a DCHX in
favor of conventiomnal types.[3]

This geometry is also known to be effective in removing
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particulate and certain water soluble gases from combustion
product emissions. Fine particle collection, whose effi-
ciency is strongly influenced by droplet Reynolds number,
can be achieved with drop diameters up to .5mm falling at
their terminal velocity [4]. Water soluble pollutant gases
such as 80,5, NO, and Hy8 can be removed by absorption. The
driving force for this mechanism is the difference between
the partial pressure of the soluble gas (pollutant) in the
gas mixture and the vapor pressure of the solute gas
(pollutant) im the 1ligquid.[5] This difference is favorable
for 80, absorbtion and moderately favorable for NOjp and HjS.
It is assumed that in a commercially useable unit, the DCHX
will be a closed system with a secondary heat exchanger.
This configﬁration will require a filter or other purifica-—
tion device in the DCHX loop to remove acid and particﬁlate
buildup from the working fluid.

Although direct contact heat exchange has long been
used in industry, specific data pertaining to performance is
limited. Fair [6] reviews works on analysis and design of
industrial DCHX's. He presents heat transfer correlations
for spray column heat exchangers wusing hollow and solid cone
spray mnozzles. Drop sizes delivered froﬁ these nozzles
typically vary over a wide range since they are designed to
provide uniform application, not uniform drop size. Sideman
and Moalem—Maron [7].examined over one hundred works pub-
lished from 1922 to 1979 on condensation heat exchangers.

Of the seven publications cited for dealing with droplet
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formity. Goren and Wilke [8j used uniformly sized Aroclor
drops on which to condense steam. More recenfly , Sekins and
Thayer [9] report heat exchanger effectiveness of around

48% for 1mm monodisperse silicon o0il drops in airflow. They
comment that natural breakup(no imposed oscillatio;s) re-
sults in a wide range of small and large drops [10]. None
of the above studies however, show how drop size variation
influences DCHX effectiveness; Mussulman and Warrington
[11] have writtenm a computer model which shows, for a mean
droplet size of 2.1mm, that reducing the size distribution
from 50% to 5% increased the effectiveness of an air cooling
tower by 100%.

The aim of the pfesenﬁ study is to determine the in-—
fluence changes in droplet monodispersity have omn DCHX ef-
fectiveness over a range of operating conditions. It is
proposed that a monodisperse droplet stream maximizes heat
transfer for_this configuration. Heat exchange is enhanced
by the large number of small drops, increasing heat transfer
surface area for a given water flow rate. For a fixed DCHX
column diameter, the optimum gas flow rate is determined by
the:terminal velocity of the smaliesﬁ d¥op. If this were
not the case, the smallest drops would be carried out of the
DCHX column by the gas stream, leading to makeup water
requirements. Minimum column length is a function of drop—
let residence time. Large dfops have cémparatively low

surface area to volume ratios, high Biot numbers and high

terminal velocities. As a result, large drops have higher
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terminal velocities. As a result, large drops have higher
residence times, lower contact times and lower overall h;at
transfer rates than smaller drops. Consequently narrowing
the drop size dispersion should improve effectiveness.

The present study was cafried out in two parts. First
a monodisperse droplet generator was tested to characterize
thp size dispersion of droplets produced under various oper-—
ating conditions. Next the effectiveness of a vertical tube
heat exchanger, utilizing the droplet generator, was eval-

uated. In this configuration, a monodisperse stream of

-falling water droplets‘extracts energy from a counterflow of
natural gas combustion products (see figure 1). As men-

tioned previously, a commercially useable unit will most

likely be a closed system. However for simplicity’s sake,
the present DCHX system is an open one. It is shown that a
neariy monodisperse droplét stream (6=5%) can be produéed by
mechanically disturbing, at a specified frequency, a plate
to #hich a group of equall& sfaced capillary tubes, produ-

cing jefs, are attached. Comversely, a randomly sized drop-

,lef stream (6=10-20%) will result if this disturbance is

reﬁoved; .Heat exchangef effectiveﬁess was determined for
the DCHX over alrange of operating conditions, for uniform
and nonuniform aroblets, and for air and natural gas combus—
tion products.

| In 1ight of:the above discussion, it seemed logical to
orgamnize this paper in a similar manner. Therefore the

remaiﬁing discussion is comprised of three parts. Chapter
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6
II describes technigues used in producing and measuriﬁg a
monodisperse droplet stream. This includes a report of
current uniform droplet production theory and the results of
droplet characterization Qtudies. In Chapter III, zresults
from the first s?udy are used as the baéis for variations in
drop size dispersion.in the DCHX performance experiments.
DCHX experimental apparatus and procedure are reviewed in
Chapter III, along with development of the theoretical back-—
ground énd a discussion of pertiﬁent resuits. The conclu-—
sions section, (Chapter IV, is con;erned with results from

both the monodisperse droplet and DCHX performance studies.




CHAPTER II

MONODISPERSE DROPLET STUDY

Background

It is of critical importance in the current investiga-—
tion to show that a water droplet streaﬁ of nearly uniform
size and spacing is produced by axially vibrating a capil—
lary jet. This éhenomenon is well documented in the litera-—
ture. Devices used to produce such a stream in this manner
are based on Rayleigh's analysis on the instability of
capillary jets [12] for an inviscid liquid. Rayleigh showed
that the frequency of vibration which leads most rapidly to
the disintegration of a liquid column is given by:

Fopt=vj/4'508dj (2.01)

Rajagbpaloﬁ and Tien [13]1 have shown that uniformly
sized drops are produced over a frequency range in which
column wavelength A, varies between 3.5dj and 6.5dj. These
limits correspond closely to those found experimentally
(3.5dj<x<7dj) by Schneider and Hendricks [14]. Rayleigh's
linearized theory predicts that the lower 1imit should be

A =(n)dj [91l.

min
Linblad and Schmeider [15] report that, in order to
overcome viscous forces, capillary jets must have a minimum

velocity to be established. This minimum is a function of

liquid density, surface tension, and jet diameter. It is




given by:

(v )2=85/p4d; (2.02)

jomin
However Dabora [16] has found actual minimum velocities wup
to 35% lower than equation (2.02) predicts.

By conservation of mass, the volume of‘one drop equals
the volume of a water column one wavelength long, from which
the ratio of drop to jet diameter is found as:

Dg/d;=1.145(V;/Fa;)1/3 (2.03)
Results by Rajagopalon and Tien [13] showed agreement to
within 3% of equation (2.03), indicating good drop uniform-
ity with little waste due to satellite formation..

Several authors indicate that vena contracta effects at
the tube exit cause jet diameteérs to be somewhat less than
tube diameters [15,17]. Harmon [18] assumes a laminar jet
velocity distribution, and by conservation of momentum de—
termines Fhat dj=.866dt. A study by Goren and Wronski [19]
indicates that, for a parabolic velocity profile, jet dia—
meter actually increases at low Reynolds numbers.(Rej(17L
At higher Reynolds numbers (17<Rej<100) this diameter de-—
creases monotonically to a valué slightly higher than that
which Harmon predicts (dj/dt=.885). Their analysis does not
however, include viscous dissipation effects.. ‘They suggest
that at sufficiently bhigh jet velocities, viscous effects
cause a flatter profile, and drive fhe ratio dj/dt toward
unity. Schneider and Hendricks [14] and Dabora [16] have
assumed this ratio to be uwnity in their imvestigations.

Mathematical formulations describing the production of
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nonuniformly sized drops are sparse. Levich [20] derives an

expression showing drop size, without imposed oscillations,
to be of the order Dd~Dd,0pt' Dd,opt refers to droplets
produced at the vibration frequency for maximum jet insta-—

bility predicted in Rayleigh's analysis. Most of the

previously cited works confirm that nonuniform droplets are
produced in the absence of oscillations. They do not how-—

ever, attempt to characterize the degree of nonuniformity.

The first step in conducting this investigation was to
develop a droplet generator along with instrumentation to
characterize droplet formation (see Figure 2 for schematic).
Liquid at constant temperature, pressure and flow rate is
delivered to the gemerator chamber in the following manner.
Water from an isothermal source is supplied to the constant
head reservoir (Figure 2) at a flow rate slightly higher
than that passing through the generator chamber. Excess
‘water is drained through the overflow outlet, providing a
source of water to the capillary.jets having a constant head
and the proper flow rate. Jet velocities were varied by
adjusting the reservoir elevation. The water source is then

filtered and its temperature, flow rate and pressure are

monitored immediately prior to entering the generator cham—

ber. An oscillator—amplifier combination supplies a signal
of set frequency and amplitude to the chamber by means of an

MB Electronics PM500 Vibramate Excitor. Diagnostics to
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monitor signal frequency and power consumption are included.

fhe generator itself (Eigure 3) is a cylindrical alumi-
num chamber (9.5¢cm i.d.x2.2cm lomng) fitted on the bottom
with an aluminum plate (.3cm thick) drilled to accomﬁodate a
set of equally spaced stainless steel capillary tubes. All
tubes were carefully machined and polished to ‘ensure that no
burrs or other irregularities were present at the ends.
Each tube was inspected microscopically to show that all
were sized and finished uniformly. The required inside ori-
fice diameter was achieved by epoxying capillary jets (28mm
i.d.x.47mm o0.d.x23mm long) inside 13mm lengths of .47mm i.d.
tubing. These were in turn epoxied into the bottom plate.
Nineteen jets were used in all for these studies.

Droplet size instrumentation consisted of a 35mm Lietz—
Wetzlar camera body and a Summicron 50mm f£f/2.0 lens fitted
with a 90mm bellows. Image magnification was approximately
2:1, The camera shutter was synchronized with a General
Radio 1532A Strobolume (15 ps flash duration) flash source.
Photographs were téken with Kodak Plus—X-Pan film (ASA 125)
using backlighting. The droplet stream fell between the
camera and a 6.4mm thick translucent acrylic sheet through
which the flash source was diffused. For visumal observation
of the stream a General Radio 1531AB Strobotac was used to
"stop’ the droplet motion by setting tﬁe Strobotac frequency
to that of the excitation frequency. In each negative a
stainless steel tube of known diameter appeared for size

reference, coplanar with the droplet stream. Drops were
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measured from the negatives with a Bausch and Lomb (.7x-3x)

stereo measuring microscope.

Experimental Procedure

In characterizing droplet formation, the procedumre has
been first to determine the operating conditions for the
droplet generator during DCHX tests. Next was to devise a
data grid prescribing parameter variations away from the
DCHX operating conditions. The parameters defining the data
grid (jet velocity, vibration frequency and input power)
were varied individually 15 to 40 percent above and below a
data center case. The data center case corresponds to the
optimum droplet operating conditions predicted for the DCHX
studies in Chapter IIX. For example, holding jet velocity
and vibration power constant at data center conditions,
vibration frequency was varied from 20% below to 20% above
its data center. Photographs were taken at each point on
the data grid for all jets. Information on droplet forma-—
tion in the absence of forced vibration was obtaimed for
several jets over a range of velocities. In this manner,
droplet uniformity at the data center, and the influence of
the above parameters was determined.

Before photographing, tubes were wultrasonically
cleaned, the constant head reservoir adjusted and jet velo-—
city determined from mass flow data. Next a predetermined
vibration frequency and amplitude were imposed, power con—

sumption data recorded, and droplet motion '"stopped’ using
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the Strobotac. Jet disintegratiomn was then visually inspec—
ted to insure the droplet stream fell within the camera's
depth of field. A series of three photographs were then
taken at this.operating condition. At this point one bara—
meter was varied and the process repeated. Affer develop—
ment, the negatives were inspected. Of the three negatives
taken at each operating condition, only those with tﬁe
sharpest boundaries, showing a minimum of three droplets per
frame were used. Drop measurements came directly from these
negatives.

To find actual drop size, developed drop size and
magnification ratio had to be known. The magnification
ratio is the ratio of déveloped to actual size of the known
diameter stainless steel tube in the negative. Droplet
diameter is the average of the major and minor axes dimen-—
sions, The given drop size variation is the standardldevia—
tion (o) for all droplets measured (three droés per photo-
graph) for all jets measured (maximum of nineteen) at a

specified operating condition.

Results and Discussion

The purpose of this study was twofold. The first
concerned showing that a nearly uniform droplet stream was
produced by the droplet gemnerator described earlier, at the
operating conditions (jet velocities and vibration frequency
and power) used in the DCHX studies of Chapter III. It was

also important to determimne the sensitivity of droplet dia-—
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meter to changes in vibration frequency and power. Compari—-
son of experimentally determined uniform droplet diameters
are made to the theoretical prediction derived earlier.

Since it is proposed that a uniform droplet stream is
the most efficient method of heat extraction for the DCHX,
the other goal of this particular investigation was to find
the degree to which droplets become nonuniform when emanat—
ing from a nonvibrating jet. Results are presented as
percent standard deviation from the mean, over the range of

jet velocities used in the DCHX studies.

Uniform Droplets

The dependence of droplet size and spacing on jet
velocity is shown in Figures 4 and 5. The four droplet
streams p?ctured in Figure 4 indicate qualitatively how, at
a fixed vibration amplitude and frequency, droplet aiameter
and spacing increase with increasing jet velocity. Good
agreement between equation (2.03) and experimeqtally deter—
mined drop size, plotted as a function of jet velocity, is
shown in Figure 5. It is apparent in examining this figure,
that although theoretical anq experimental values lie within
6% of one another, a systematic error causes all experimen—
tal ;alues to lie above their theoreticalncounterparts.
This systematic error may be introduced by nncertainty in
calculating the magnification ratio for droplet measure-—
ments. Determination of the magnification ratio requires

knowing the reference tube’s actual size, the microscope's



























































































































































































