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CHAPTER I
INTRODUCTTON

In the design and operation of a heat exchauger, it is often important

to keep the ratio of the volume of the exchanger tothe rate ol heat trans-
; R

T —— —

—_— S e S

fef, as well as the ratio of the pumping power to £hé7f;£é of leat transfcr,
as small as possible. The achievement of these two objectives is essential
for certain systems, such as space vehicles. Thelr achievement Improves
the efficiency and reduces the size of the heat exchanger. It is well
known that the ratio of the volume to the rate of heat transfer can be
reduced by the use of exteunded surfaces or by means of displaced promotaers
in steady or transient operatioun. lHowever it is genefally believed that
any of these methods invariably iucreases tha pumping power.

Over the past fifty years, saveral inves&igatorﬁ [1-9] presented
analytical and experimental lweat transfer and pressuie &rop results Ior
fluids flowing through pipes with different types of twisted tapes designed
te induce swirling in single phase as well as boiliﬁg flows. It was cbserved
that the irside heat transfer coefficients in swirling flow could be, uader
favorable conditions, increased to at least four times the coefficients in
purely axial Ilow for the Same mass flow rate. At the same tinme the puuning
power per unib rate of heat transler could Le reduced. The dncrease in
heat traasfer was found to depead on ihe degree of swirl and on the denslty
or temperature gradient. Such observed phenomena were analyzed qualitatively

by Frank Kreith ond Savie Margolis [2], and it was shown that they were



primarily the result of a centrifugal force whigh induced a radial inward
and outward motion of the fluid.

The recently developed Kenics STATIC MIXER* system is characterized
by flow phenomena quite different from those encountered in continuous
twisted tape swirl generators. The static mixers combine all the effects
of the extended surfaces, displaced promoters, and twisted tapes on the
flow. The static mixers have no moving parts, are placed in-line, and
glve rise to the continuous radial mixing of the moving stream. When
the stream is passed through the mixer, two unique mixing actions, namely,
flow division and radial mixing, operate simultaneously, resulting in
nearly plug flow characteristics. The overall effect is to cause the
stream to be continuously and completely inverted radially so that
particles entering at the center of the stream are forced to the outer
wall and back again to the center on a continuous basis. Because of
thorough wixing, the radial profiles of temperature; velocity and
composition are minimized. The static mixers can be used in the mixing
processing of single-phase flow and two or multi-phase flow to improve
the mixing as well as the heat transfer coefficient. It has been claimed
that the mixing action is accomplished with a relafively low increase in
the pressure drop.

The heat transfer and prcééure drop characteristics for sgingle-phase
fluid flowing inside tubes with static mixers have been studied theoretically
and experimentally by Genetti and Priebe [10]. Their results showed that
heat transfer coefficient were considerably enhanced for laminar flow with

a static mixer element inserted In a circular tube. The literature survey

&

STATIC MIXER is a Repistered Trademark of Kenics Corporation.
U.S. Patent No. 3286992,



revealed that no experimental data are availablerfor the effect on heat
transfer when static mixers or twisted tapes are used during condensation.
The objective of the present study is.to investigate experimentally
the effect of the static mixers on the steady state heat transfer and
pressure drop characteristics during condensatibn inside a horizontal

condenser.



CHAPTER 1I

LITERATURE SURVEY

The literature survey is divided into two parts, namely, a survey of
literature on techniques to augment the heat transfer, and a survey of

literature on condensation and two-phase flow.

Techniques to Augment the Heat Transfer

In recent years, a great deal of research effort has been devoted
to developing apparatus and performing experiments to define the conditions
under which augmentation techniques will improve heat transfer. The number
of such techniques which have been full-scale industrial application is
inereasing. Some of these techniques, such as surface vibration {11,12],
fluid vibration [13], and electrostatic fields [14], require external power
and consequently, would reduce the ratio of volume to heat transfer rate
at the expense of increasing power ccnsumption. Other augmentation tech
niques, such as surface roughness [15,16,17] and displaced promoters [18],
do not require external power, however, the percentage increase in the
heat transfer rate resulting from these techniques is accompanied by any
even higher percentage increase in the pressure drop which results in a
decrease in the heat transfer rate per unit pumping power.

Other ausmentation techniques that lead the way towards achieving the
better of botl: worlds, namely, reducing the equipment size and the pumping
power simultaneously, was the use of swirl flow generators. Generation

of swirl flow has been accomplished by colled wires and spiral fins [19],



prepellers [20], coiled tubes [21], twisted tapes [1-9}, and the newly
developed static mixers [10,22]. Emphasis in this review will be placed
on the use of twisted tapes and static mixers as swirl generators.

The heat transfer and pressure drop characteristics for single phase
fluids flowing inside tubes with tape-generated swirl flow have been
studied theoretically and experimentally by numerous investigators. In
1921 Royds [1] measured heat transfer coefficients while cooling high
temperature alr flow with and without swirl through a tube. He imparted
the swirling motion by means of twisted steel strips. His results showed
appreciable increase in heat transfer coefficients but this increase was
accompanied by a comparable increase in pressure drop. Kreith and Margolis
[2] used twisted tapes and twisted wire inserts as vortex promoters and
observed a substantial increase in Nusselt number in both cases. They
also found that the increase in pressure drop due to tape inserts was
smailer than the increase in pressure drop due to wire inserts. Kreith
and Margblis [2] emphasized the fact that the amount of power per unit
heat transfer rate is an important factor in heat exchanger design.
Smithberg and Landis [3] conducted analytical and experimental studies
on vortex flow generated by twisted tapes inserted inside horizontal tubes.
Their analysis succeeded in predicting the heat transfer coefficient and
friction factor within enginecering accuracy. Smithberg and Landis [3]
recommended the use of the twilsted tapes as an inexpensive and efficient
heat transicr augmentation technique in tubular heat exchangers, on
account of the markedly increase in the Nusselt uumber during vortex flow.

In au initial study of bolling burnout of water in vortex flow

through test sections with inlet swirl generators, Gambilt and



Green {4} obtained promising resuits which encouraged Gambill et al. [5]
to conduckt an extensive investigat;on of the effects of twisted-tape

swipl generaters. In their studies, they perfofmed straight-flow burnout
and swirl-flow burnout tests. They observed that the corresponding heat
fluxes with swirl-flow were éonsiderably higher than those obtained with
stralght-flow under similar conditions. They also reported that the

ratio of vortex flow to axial flow burnout heat fluxes were approximately
two for water flow in identical tubes, at eqﬁal pumping powers. An
experimental investigation to determine the cffects of twisted tapes
inserted in tubes on the heat transfer and pressure drop of boiling

Freon 11 and water were reported by Blatt et al. [6]. Three tube diametérs,
{our twist—tc-diameter ratios, and one pipe 1engtﬁ were tested. Their
results from Freon 11 experiments definitely established that higher heat
fluxes, heat transfer coefficients, and exit qualities could be chtained by
swirl flow than by axial flow., However, no apparent effect was cheerved
with watev. The pressure drop across the test secction jncreased in all
cases owing to the presence of the tape.

Bernstein et al. [7] reported experimentai Lheat transfer and pressure
drop data for boiling water while using twisted tapes of both plain and
_perforated types. Doth fypes were effective in increasing the heat
transfer coefficieut. However, the pressure drop was very high, especially
at small twist-to-diameter ratlos. A study of heat transfer and pressure
drop in a decaying swirl flow, where a tape insert was used only to impart
a centrifugal component to the flow, but did not =ffect the friction by

its presonce in the test section, was conducted by Blackwzlder and Kreith [8].

Lo,
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In their study heat was transfered to alr flowing in a half inc.: electrically
heated tube in which a twisted tape, upstream of the heat transfer test
section, imparted a swirl motion to the fluid. It was found that the
augmentation of the heat transfer coefficient per unit pumping power
in a decaying swirl exceeded considerably that in a continuous swirl flow
in the initial 20 to 30 diameters downstream from the end of the swirl
inducer. Tﬁe flow decayed exponentially downstream from the end of the
tape, resulting in a continuous decrease in Nusselt number along the [low.
Hence, Blackwelder and Kreith [8] suggested that for optimum design of
heat exchangers, with tape induced swirl flow, one must consider a combin-
ation of continuous and decaying swirl flow. Recently Klepper [9] confirﬁed
the findings of Blackwelder and Kreith [8], when he measured considerably
smaller friction factors in the decaying swirl region than in the fully
developed swirl flow region. Klepper's [9] results suggested that aun
empty tube region following a short twisted tape could provide heat tramsfer
ephancement, at a relatively small pressure drop penalty. One drawback of
the short twisted tape is the resulting ncouniformity of the heat flux.
However, intermittent tapes are particularly useful for .cases where non-—
uniform heat fiuxes are involved.

An extensive survey bf the methods of augmentation of the heat und
mass transfer was presented by Bergles et al, [20,23]. Although there still
exists disagreement among investigaters regarding the method of correlating
the heat transfer and pressure drop data of tape-generated swirl flow
inside tubes with and without phase change, there are two main general

trends agreed upon. These are:



1. ‘Both the heat transfer and the pressure drop increase in swirl

flow.

2. The enhancement in heat transfer and pressure drop increases

with the decrease of pitch to diameter ratio of the twisted
tape. |
According to Bergles et al. [20,23], the information on thé cffect of
tﬁisted tape insertion or the heat transfer and pressure drop character-
istics, during condensation of fluids inside tubes, is still lacking.
The initiation of such a study is the main objective of the present
investigation.

It was mentioned in the previous chapter that a new tape‘type
insertion was developed lately by Kenics Corporation. This new tape, often
called the static mixer, has no moving parts, is placed in-line, and
.results in the continuous mixing of the moving stream. It is constructed
of a number of short elements of right and left-hand helices. Whea the
stream is passed through mixers, the stream is divided and radially mixed
simultaneously along the tube. Because of thorough mixing, the radial
profiles of temperature, velocity, and cbmpos;tion are minimized. Regearch
results on the static mixer's principles of operation, pressure drop, and
heat transfer characteristics during single phase flow were presented by
Kenics Corporatlion in a series of eight technical notes, and were summarized
by Chen [22]. He observed that the static mixer distinguished itself among
tape insertion by its low pressure drop, simplicity, low initial cost, low
operation cost, no maintenance cost, no moving parts (no noise), pre-
dictability, and reproducibility of the data. A recent investigation was

reported by Genetti and Priebe [10], exploring the effect of a statle mixer



on the heat transfer characteristics of a double-pipe heat exchanger.
Heat transfer coefficients were measured for heat transfer to a motor
oil (10w} flowing through a 3/4 inch static mixer. The heat transfer with
the static mixer was enhanced significantly o&er the case without the
mixer for laminar flow. |

Because of these unique heat transfer and pressure drop character-

istics, the static mixers were selected for investigation in this study.

Condensation and Two-Phase Flow

The analysis of condemsation heat transfer began with the pioneering
work of_Nusselt [24] in 1916. Nusselt based his analysis on the assumption
that the condensate film flowed down a vertical or an inclined isothermal
plate under the action of gravity. He assumed that the condensate film
waé laminator and that there wés a linear temperature gradient from the
isothermal plate to the liquid-vapor interface. Uéinguthe basic approach
set forth by Nusselt, many investigators have refined the analysis.

Chato [25] and Chaddock [26] modified the analysis to account for the
stratified flow model of laminar condensation in horizontal énd inclined
tubes. Sparrow and Gregg [27] presented a solution to the boundary-layer
type equations developed for the condensate layer. An integral treatment
of the two-phase boundary layer in film condensation was presented by

Koh [28]. ¥e again used the boundary-layer type equations with a different
set of boundary couditions tue obtain 2 more complete solution than that
given by the Fusselt analysis. The effect of tube inclination was examined L//;

by Hassan and Jakob [29], who found that the heat transfer rate vavied as the
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one~-fourth power of the cosine of the inclination from the horizontal.
Tepe and Mueller [3C], by condensing benzene and ﬁethanol inside an
inclined tube, mecasured coefficients one and half times higher than those
predicted by Nusselt analysis. |

The laminar character of the condensate film constitutes one of the
basic assumptions of the Nusselt theory. Therefore,when the film becomes
turbulent, Nusselt's analysis no longer applies. Numerous data and corre-
lations are available in the literature for turbulent condensing flow
inside tubes. These correlations use non-dimensional groups. However,
most of these empirical cérrelations have not been tested with enough
different types of fluids in order to claim any general applicability.
Ackers et al. [31] conducted an analytical and experimental study of the
effects of vapor velocity, temperature difference and fluid properties
upon the heat transfer coefficient of a condensing vapor inside a horizontal
tube. They recommended a correlation for Freon 12 and propane. Thair |
equation is recommended by the ASHRAE HANDBOOK OF FUNDAMENTAL [32] for
condenser design calculation. .Carpenter and Colburn [33] analyzed the L
problem of condensation inside tubes by assuming that the major force
acting on the condensate film was the vapor shear rather than gravity.
They alsoc assumed that the major resistance to heat transfer was‘offered
by the laminar sublayer. The effect of interfacial shear on the rate of
condensation was investigated by Rohsenow et al. [34]. Boyko et al. [35]
develépad a simple heat transfer correlation based on the analogy between
heat transfer and hydraulic resistance, for condensing vapors inside -

‘horizontal tubss. Soliman et al. [36] reported a study of the interaction

between friction, mementum, and gravity as they affect the heat transfer



process during annular condensation flow inside tubes. They formulated a
general heat transfer correlation which would predict local ﬁeat transfer
coefficients and also formulated a general pressure drop equation. The
heat transfer coefficient correlation was based on a modification of the
shear force in the Carpenter and Colburn [33] correlation.

Azer et al. [37] reported the experimental measurements of the heat
transfer coefficients during forced convection condensation of Freon 12
inside hofizontal tubes. Azer et al. [38] also investipated analytically
the problem of annular flow condensation inside horizontal tubes. The
analysis included a m&dification of Lockhart and Martinelli [39] parameter
for predicting two-phase pressure gradient. The modified parameter was
based on an experimentally ﬁeasured pressure drop during annular conden-—

' sétion of Freon 12 inside a horizontal tube. Azer et al. [38] compared

the prediction of their analysié with the existing datarand found good
agreement. Goodykoontz et al. [40,41] measured the local heat transfer
coefficients and pressure drop during downward flow condensation of sﬁeam
and refrigerant - 113 inside a vertical tube. They correlated their experi-
mental results by the use of the Carpenter-Colburn method [33].

Bae et al. [42] reported the results of an analytical study of the
problem of annular flow condensation inside tubes using a simple flat plate
analysis. No suitable design correlations resulted from their analysis.
Recentlj Vrable et al. [43] investigate& the condensation of Freon 12 wvapor
in both internally finned and unfinned horizontal tubes. They reported the
experimental heat transfer and pressure drop data of both smooth and finned
tubes. They also developed an analytical model and compared its prediction

with their measurements. The agreement appeared to be reasounable.

11



Vrable et al. [43] also compared the predicted variation of the local
pressure gradients versus quality in figures that included their experi-
mental measurements for three different flow models: annular, dispersed,

and slug. The data points fell predominantly near the annular flow model.

The starting point in the condenser design is the identification of

the flow pattern during condensation process and the selection of the

proper correlation for the prediction of the heat transfer coefficient.

A comprehensive analytical and experimental study of flow patterns during
condensation inside horizontal tubes was made by Soliman [44,45] over a
wide range of flow conditions. Soliman [44,45] identified six major and
three transition flow patterns. He also concluded that Baker's map [46]
is not adequate for predictiﬁg the flow patterns during condensation.
Pased on his experimental data, a new flow pattern map wés developed for
condensation using Baker‘é coordinates [46]. Recently a mathematical
model was developed by Soliman and Azer [47] for the annular flow during
condensation inside horizontal tubes. The model was baéed on the idea
that a small circumferential motion existed inside the liquid film, in
addition to its axial motion. In their analysis a criterion was developed
for the prediction of the ammular to wavy flow transition. The result
showed that the éondenser's tube diameter, the condensing_fluid flow rate,
and the condensation temperature are the importaﬁt parameters that affect

the point of tramsition from annular to wavy flow.

12



CHAPTER IiL
EXPERIMENTAL INVESTIGATION

The objective of this investigation are:

1. Obtain a set of average heat transfer coefficlents, and pressure
_drop data under forced flow conditions during condensation of
refrigerant-113 inside horizental tubes with ard without statice
mixers.

2. Examine effects of the number and distribution of the statiec
mixers inside the condenser tube on heat transfer and

pressure drop.

Experimental Test Faeility

Figure 1 shows a skematic view of the test facility that was used for
this investigstion. The same test facility was used by Soliman [45] in
visualizing the refrigerant 113 flow patterns inside three horizontal
condensers of inside diameters 3/16, 1/2, and 5/8 ins, except for the
addition of onz test condenser with static mixers and a differential
pressure cell for refrigerant pressure drop meﬁsurement. Plate I shows
a photegraphic view of the entire expevimental test facility. The maln
components of the system were:

1. Vepor genevator.

2. Superheater.

3. Two horirzontally mounted in parallel test condensers.

4. Vapor-liquid separator.

5. After condenser,
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6. Liguid receiver.
7. Liquid circulating gear pump.
The auxillary components were!
1. Refrigerant drier-filter.
2, Pump by-pass valve.
3. Boiler sight glass.
. 4. Vapor-liquid separator sight glass.
The instrumentation of the test facility included:
1. Refrigerant flow meters of the variable area type.
2. Differential pressure cell for refrigerant pressure drop
measurement.
3. Mercury in reservoir type manometer to indicate differential
pressure cell output.
4. Multi-channel indicating potentiometer to measure thermocouple

e.m.f., output.

Cooling Water Circuit

Figure 2 shows the flow diagram of the ceoling water clrcuit. The
cboling water circuit was designed to permit the control of the water flow
rate and the inlet temperature of the cocling water to the test condenser.
The control of the water flow rate was achieved by adjusting the openiugs of
the valves din the circuit. The control of the cooling water temperature
to the test condenser was achieved by mixing the return water from the
after condenscr,.while tha test condenser was in operation, with the city
water in a mixing tank before the water was recirculated by the pump. The

flow rate and the inlet temperature of the cooling water to the test
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condensers controlled the condensing pressure and the cooling rote of the
refrigerant. Water flow rate to the test condensers and after condenser

were measured by the integrating type flow meters.

Test Condensers and Instrumentation

Two similar test condensers, one with static mixers and other without,

with the same inside diameter of 1/2 in. were designed and constructed
for this investigation. The two condensers were mounted horizontally in
the test facility as shown in Fig. 1. While operating the facility, only
one condenser was used at a time.

Figure 3 shows a schematic diagram of one test condenser. Each test
condenser consisted of one double pipe counter flow condenser and a
transparent section. Figure 4 shows the construction details of one
gsection of the test coudenser. Each transparent section was made of
standard clear, high pressure glass tubes of overall length of 8.5 im.,
and was fitted to the exit of the test condauser by wwe stuffing boxes.
Three 3/8 in. diameter tie rods were used to secure together the two
stuffing boxeé at the ends of each transparent section to prevent leakage.
Plate II shows a photographic view of the test condenser.

Each transparent sectlon assewmbly in the two test condeusers was
leak-proof tested individually, for 24 hours, under pressure as high as
150 psi. Such a pressure was higher tham any pressure encountered during
Lthe ekperiments. They were also leak-proof tested uander vacuum as low as
1000 microns of mercury. The two test condensers and the twoe transparent
sections were mounted individually on supports and checked individually

by a liquid level to make sure that they were all wmounted horizontally
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and coaxlally aligned before welding them together. An expancicn joint
was added at the exit of each condenser to accomedate auny expension, due
to heating during operation. With the two condengers assewmbled, one with
static mixers and the other without, they were checked again for leaks
under pressurized and evacuated conditions. The entire‘system was then
evaculated down to 1000 microns and charged with refrigerant from a
refrigerant-ilB tank.

Each of the test condensers was instrumeﬁted to measure the inlet and
outlet temperatures of the cooling water. Tihe inlet and outlet temperatures
of the refrigerant to the entire test condensers were also measured. All
temperatures were measured by coppernconstantén thermocouples of 24 B&S gage
wire. Inlet and outlet pressures of the refrigerants were also measured.
Figure 5 illustrates the placement of the static pressure taps for pressure
drop measurements. Copper tubing, 1/4 in. 0.D., silver brazed into the
pressure tap, was used to connect the pressure tap and a differential
pressure transducer, as shown in Fig. 6. The pressure difference between
the two pressure taps of the test condenser could be measured by this
arrangement.;fA mercury in glass manometer measured the differential
pressure ocutput of the transducer. The differential pressure cell was
calibrated'such :hat the reading of the attached mercury in the plass
manometer could be converted into a pressure difierence between the two
taps in'inches of water. The differentin)l pressure cell, together with
the appropriate valves, weve placed on the same borizomtal plane as the
pressure taps to minimize the effect of hydrostatic head.

- All thermocouples were calibrated against the temperatures of boilirg -

water and melting dce. Thefr c.m.f. output was measured by a funeywell
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Electronic - 18, multi-channel potentiometer., The input power té the vapor
generator was controlled by a manual A.C. power variac with outputs ranging
anywhere between 0 and 5.75 K.W. The circulation rate of refrigerant-113
was controlled by the pump by-pass valve and the input power to the vapor
generator. An electrically heated superheater was installed between the
vapor generator and the test condenser. The input power to the superheater
was controlléd by a manual A.C. power variac with outputs ranging anywhere
between 0 and 1 K.W. Two different ¥isher-Porter variable area type flow
meters were used in the test facility. One flow meter was used to measure
the flow rate into the vapor generator, which represented the total flow
rate of the refrigerant through the test condenser. The second flow meter
was used to measure the flow rate from the liquid-vapor separator which
represented the amount of refrigerant condensed in the test condenser.

The cooling water rate was measured by an integrating type flow meter

mounted on the cooling water circuit. The two test condensers were insulated

with 2.5 ins. thick rubber insulation. The vapor generator and the vapor-
liquid separator were also insulated with 3/4 in. thick fiber glass

insulation.

Differential Pressure Cell Calibration

The d/p cell used was Foxboro Type 13A. It was calibrated according
to the manufacturer's recommended calibration procedure hefore it was
conunected to the test condenser. A linear least squares regression cor-
relation was used to gbtain the calibration curve given by Eqn. (1).

Figure 7 shows a plot of the calibration curves.

Y = 2,152X - 13.437 : : (1)



d/p Cell Cutput, in. Hg.

28

Aciual Pressure Drop,

dsp Cell Calibration Curve.



where
Y = pressure drop in inches of water
X = d/p cell output in inches of mercury

A .total of 110 points was used to calibrate the pressure cell,

The Static Mixer Unit

The static mixer unit which has been deﬁeloped recently has no moving
parts, is placed in-line, and results in the continuous mixing of the moving
stream. The unit is constructed of a nuﬁber of short elements of right and
left-hand helices. These elements are alternated and oriented so that each
leading edge is at 90° to the trailing edgé of the one ahead. The element
assembly is then inserted inside the tube. Figure 8 shows a photographic
view of the right and left-hand elements and the statlc mixer unit inside
the tube. The essential features whereby particuiarly efficiént mixing of
two streams in tube is achieved may be seen by reference to Fig. 9.

The material used to fabricate the static mixer unit in this study
is stainléss steel, Each static mixer element is 3/4 in. in length and
7/16 in. in diameter., 7The static mixers used In this investigation were

supplied by the Kenics Corporaticn.

Principles of Static Mixers Cperation

When a fluid stream is passed through the mixer, two unique mixing
actions operate simultaneously in the unit, namely, flow division and

radial mixing, resulting in neerly pilug flew characteristics.

{(a) TFlow Division:
At tlie leadiug edge of each element the flow divides and fellows the

semi~circuiar clannel created by the element shape. At each succeeding

29
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element the two flows are further divided, resulting in an exponential pro-

gression of flow division. The progression is described by the formula:

where § is the number of striations produced and n is the number of elements

in the unit. After the flow has passed through 20 elements, over 2 million
20 ;

striations (2°°) exist. Figure 10 shows division of flow in the mixer.

The thickness of striations, d, is defined as:

where D is the inside diameter of the unit. Figure 11 shows the thickness
of striations vs. the number of mixer eleménts for various static mixer

unit diameter [22].

(b) Radial Mixing:

In either laminar or turbulent flow, if the static mixer is used as a
device for the enhancement of heat transfer, rotatiﬁnal circulatiosn of the
flowing stream around the hydraulic center of each semi-circular chanuel
causes radial mixing of the stream, thus forcing the stream fromn the center
to the outer wall of the channel. At the same time, the flow reverces its
rotation at each element junction due to the alternate right and left-hand
alignment of the elements. Figure 12 shows the rotation of flow in each
element and at the interface of the two elements. The overall effect of
radial mixing is to causc the stream to be continuously and completely
inverted radially so that particles entefing at the center of the stream

are forced to the outer wall and back agair on a continuous basls. Because
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Fig. 10. Flow Division in the Stafic Mixer Unit.
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of thorough radlal mixzing, the radial gradients In temperatures, velocity
and composition are virtually minimized. Thus this mixing should give
rise to enhancement of the heat transfer rate from the interior of the
mixer to the wall or vice versa.

In order to test the effect of number and arrangement of the static
mixer elements on the heat transfer and pressure drop characteristics of
condensers, six different arrangements of the mixer elements were tested.
These were:

1. 44M-FL mixers (44 elements) to cover the entire length of the

éondenser. |

2. 24M-FL mixers (24 elements) where the elements were spaced

to ccver the entire length of the Eondenser.

3. 24M mixers (24 elements) where the elements were arranged

to occupy the upstream half of the conderser.

4., 12M mixers (12 elements). |

5. 6M mixérs (6_elements).

6. 23 mizers (3 elements).

In arrangements 4 through 6, the mixer elements were placed near

the condenser inlet. The 24M-FL .and 24M mixers have the same number

of mixer elements. In the first, the mixer elements were.separated

at every two ulcoments with a spacer, which was a stainless steel wire

with 0.031 in. in diameter, having the same length as two elements,

whfle in the second they were placed in a continuous manner, in which

‘the elements were connected together directly. The ZJEEFL and 2%M
QYAFE gl - FL

mixgrs were held in p}ace by the thermocouple sheath at each of the

condensors, In the remaining four arrangements, the mixer's

36



assenmblys were held in place by a stainless steel wire loop hooked around
the upstream thermocouple in the condenser. A schematic diagram of the six
different arrangements of mixers inside the condenser tube are shown in

Fig. 13. (a) - (f).

Testing Procedures

The test started by filling the cooling water mixing tank to the overflow
leyel, then the circulating water pump was put into operation. The liquid
level inside the vapor-generator was checked through the sight glass
attached to it, to ensure that the electric heaters were completely immersed
in the liquid. Liquid had to be pumped from the liquid receiver to the
vapor generator at the start of some tests to ensure that the desirable
liquid level in the vapof generator was achleved. The desired amount of
electric power was then applied to the heaters inside the vapor generator.
This power was controlled by a m;nual power variac and its amount was
proportional to the total refrigerant mass flow rate. When the Iliquid
level inside the éapor generator started to decrease, the refrigerant cir-
culating pump was pui into operation, and the by-pass valve of the pump was
‘adjusted to keep a steady liquid level insidE'tﬁe vapor generator. Then
the electvic power was applied to‘the superheater to insure superheated
refrigerant at the condensern inlet. Tﬁe adjustments of the electric power
applied to the vapor generator, the by-pass valvé opening of the refrigerant
circulating pump, the electric power input to the superheater, the cooling
water flow rate, and the cooling water inlet temperature to the test con-
denser were used to change the refriperant mass flow rate, saturation

pressure, inlet superheat, and cooling rate from one run to another. Steady
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state conditions were established when the readiﬁgs of all pressﬁref
temperature, and flow rate measuring instruments and the liquid levels

ia the vapor-liquid separator and the vapor generator remained steady for
an extended period of time. Steady étate conditions could_be reached in
any run within two hours; however, the system was allowed to run for a
‘ﬁeriod of three hours before any readings and visual data were recorded.

During each run, only one test condemser with or without mixers was
in operation. The followiﬁg measurements were taken after reaching the
steady state:

1. Water flow rate to the test condenser,

2. Refrigerant's inlet gage pressure.

3. Refrigerant's inlet and exit temperatures in ﬁillivolts.

4. TIunlet and exit coolant temperatures of the test condenser

soction.

5. Flow rates of the two refrigerant flow meters in gallons/minutes.

6. Pressure difference of the d/p cell output in inches of mercury.
In addition to the above readingé, the ambient temperature and the
barometric pressure were recorded during each run. Also, for each run the
flow pattern was obseryed, sketched, and a written description was
recorded.

After recording all the necessary data for runs with one arrangement
of static mixers in the test cbndenser, the condensér sectinn was opened
and the static mixers were rearranged. After each rearvangement, the
saﬁe procedures, described earlier, of assembly, testing against leaks,

evacuating and recharging were followed. Measurements of heat transfer



and pressure drop for the condenser without mixers were made on the separate

condenser which was mounted in parallel to the condenser with static mixers.



CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION

Experimental Results

Seven sets of average heat transfer coefficient and pressure drop
data were tgken during the present investigation. Six sets were for the
different mixers arrangements, and one for the condenser without the
mixers., Table I summarizes the range of operating conditions and the number
éf experimental runs for each data set.

Fifteen measurements were recorded for each individual run. These
were: ambient témperature, barometyic pressure, input power to boiler
and superheater, water inlet and outlet temperatures, water flaw fate,
refriéerant inlet and ocutlet temperatures, codensate flow meter temper-
ature, circulating pump temperature, condensate flow rate, circulating
pump flow rate, refrigerant inlet pressure, and theld/p cell purput.

The raw experimental data of all the runs, such as temperatures in
millivolts and flow rates in gallons/minute,were fed into a digital
computer program. The computer program reduced the data Into useful
form, and cowmputed cperating conditions, heat balance errors, thermo-
physical properties of refrigerant and the average heat transfer/ceaf—
ficlents. Refrigerant thermophysical properties were computed in the
computer program from state equatlions devceloped by Downing et al. [48].
Tables B-1 and B-2 of Appendix B include a summary of the operating
conditions and heat balance errors, respectively, of zl1l the rung per-

foermed in this investigation., The values of saburaticn temperature
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listed correspond to the average pressure betyeeﬁ the inlet and the
outlei pressures of the test condenser. The values of the saturated
liquid thermal conductivity of the refrigerant used in calculating
the Nusselt number were evaluated at this saturation temperatures.
The inlet superheat was calculated from the difference between inlet
temperature and saturation temperature. The Reynolds number calculated
was bazed on.thé_total mass velocity, pipe diameter, and the saturated
liquid viscosity. The total mass velocity was calculated from the total
mass flow rate and the total cross-sectional area éf the condenser's
inner tube. The heat rate gained by the cooling water was calculated
from the water flow rate and the overall temperature difference between
inlet and outlet of the condenéer. The rate of heat loss from the condensing
fluid was estimated from the total mass flow rate of the refrigerant,
and its overall enthalpy change between inlet and outlet. The hesat
balance error was calculated from the ratio of the difference between
the heat gain rate of the coolant and heat ioss rate of therréfrigerant,
to the heat gain rate of the coolant. Only heat transfer data with heat
balance error within + 12% are reported in the present investigation.
The static pressures at the inlet and outlet of the test condeﬁser were
obtained from the static pressure at the inlet of the test condenser,
which was measured by a leise pressﬁre gage, and the pressure dlfference
hetween the inlet and outlet pressure taps; which was measured by the
d/p cell,

Table C of Appendix C lists the heat transfer and pressure drop

parameters that were used in constructing the different heat transfer



]

and pressure drop correlation diagrams that will be discussed later in
this chapter. The heat transfer coefficient was obtained from the
logarithmic mean temperature difference. The tube diametgr rather than
a hydraulic diameter was used as the significant length dimension in
the Nusselt and Reynolds numbers, to facilitate direct comparison of the
heat transfer coefficients of the inner tubes with and without mixers,
The dryness fractioﬁ at the exit of the condenser was computed from the
rati& of the difference between the readings of the pump and the conden-
sate flow meters, to the readings of the pump flow meter. The last
colum of Table C list tﬁe flow patﬁerns observed during 511 the runs at
the transparent sections. Five flow patterns were identified in this
study at the exit of the condensers. The descriﬁtions and characteristics
of the flow patterns which were visually identified were (see Fig. 14):
1. Wavy Flow: The two phases were separated with the liquid
flowing at the bottom of the tube. The difference in wvelocity
between the vapor and the liquid caused the liquid surface
to be wavy. |
2, Slug Flow: ‘The liquid flowed at the bottom of the tube, and
the vapor flowed at the top with the surface of the liquid
being wavy. TFrequently the wave prew in size te wet the upper
tube wall,
3. Seml-annular Flow: The flow had an appearance similar te the
annular flew except the £film thickness did not cover the
. entire wall periphery. A small portion of the upper half
of the tube appeared dry while the Iiquid i1lm thickness in-
creased in the downward circumferential direction with the

maximua £1lm thickness being at the bottom.
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4.. Annular-Wavy Flow: The flow had an annular appearance, with
the upper tube wall becoming occasionally dry and the thickness
of the liquid film appearing larger all the time at the lower
part of the tube,

5. Semlannular-Wavy Flow: The flow had the semiannular apﬁearance
except the liquid film thickness was bigger at the lower tube

wall. Most of the upper tube wall appeared dry all the time.

Smooth Pipe Results

The overall heat transfer rate equation for the experimental test

condenser is given by

A AT
q = UAAT = 2 2
N L U B '
h 27KL A h
i o o
The outside film coefficient hO was calculated from the following
equation which was recommended by McAdams [49].
2/3 _ 0.14
h e ¥ ot
o . ? ) -3 - 0,023 - (3)
[ < U E .
pb W b b (Derfub)

The mean temperature difference AT in Eqn. (2) is the logarithmic-mean

temperature difference whieh can be evaluated by:

*
All symbols used are defined in the nomenclature, Appendix A.
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(T =1 )={T =T )
AT = s wi 8 WO _ (4)
Rn[(TSﬂwi) /(Ts—iwo; ] :

The sensible heat part of ilie superheated vapor represented a small per-
centage of the total energy transfer from the condensef's tube in all
the runs of this study. Also, there was a 2~ig. cool-down section at
_the beginning of each test condenser to cool the superheated vapor to
its saturation temperature. Therefore, the saturation temperature Ts’
rather than the inlet superheat, was used in evaluating AT in Eqn. {(4).
A sample of the calculations is included in Appendix D.
Twenty seven smocth tube test runs were conducted. In ASHRAE

Handbook of Fundamentals [32], the following equation was recommended
for the correlation of heat transfer coefficlents during condensation

inside horizontal tubes.

2/3

. h 1/6 p, 1/3 DG
(h,D/X ) /(Prz)l/ 3 (L (Ei) - 0.1 D (5)
v P v 7

Equation (5) applies when

D 1/2
20,000 < —2 (=) < 100,000
e Py

Seventy five percent of the experimental runs of the smooth pipe results
fell into that range. Figure 15 shows a plot of the smooth tube results,

In the fipure, the ordinate is the left-hand-side of Eqn. (5}, and the

gbsoissa is Reynolds number., Tt is obwvlous that the xesults of the
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present investigation gave higher values for the Nusselt number. COn the
same figure the least square linear regression correlation of the data

is shown, The correlation equation is given by

o h. 1/6 o 1/3 DG 0.8 -
(hiD/Kl)/(Prl)Uj (E;'f’%"‘) (5-%) - 0.056 (;;1) (6)

Table II lists the values of the outside énd ingide film coefficients
ho and hi of the smooth pipe data. In all runs the outside film coef-
ficient h0 was higher than the condensation heat transfer coefficient hi.
On the basis of the results in Table II, the question arises concerning
the validity of using the static mixers, inside the condenser's tube,
to increase the heat transfer rate, and consequently reduce the size of
the condenser's heat transfer area. ﬁndoubtedly therérare somelines muny
factors that affect the decision of using any augmentative technigues such
as the mixers., Some of these factors are: heat transfer rare increase
éo reduce the surface area, initial cost, pumping power, operating and
maintainance costs, safety, and reliability. VThe increase in heat transfer
rate and the possible reduction in surface area were the main concern of
the present investigation. In the following section the attempt was
made to relate the percentage increasc in-condensatisn heat transfer
coefficient to the area reduction.

In the heat transfer rate expression given Ey Eqn. (2), the condenser's
tube wall resistance is negligible compared to the inside and outside
convection resistances, Also for thin wall condenser tubes, Ai/AO is

close to uwnity. In the present investigation this ratlo was 0.8. By
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Table II. The h, and h

i

Values of Smooth Pipe Tests

Run ho By hi 5 Run ho o hi
No. BTU/hr ft F BTU/hr ft F No. BTU/hr ft F BTU/hr ft
79 368, 3 169.4 93 370.7 305.0
80 370.4 192.4 94 372.5 282.2
81 370.4 192.7 95 368.4 280.2
82 370.4 197.1 96 g2 273.8
83 370.3 215.4 97 370.5 319.6
84 368.5 241.0 98 370.3 317.1
85 372.5 249.7 99 370.3 338.5
86 372.8 223.6 100 370.3 335.4
87 370.3 234.4 101 370.4 327.2
88 370.7 248.5 102 367.5 306.8
89 370.9 263.5 103 372.4 334.8
90 370.3 273.8 104 370.3 327.4
91 368.6 '280.5 1105 370.3 342.0
92 370.3 287.8

20



'neglectiug the pipe wall resistance, Eqn. (2) can be rewritten as

follows :

Several cases are now considered.

Case I Ifhi»h,

U4 = 9.8

In such a case the outside resistance contyols the heat transfer rate.

An increase of x% in ho results in a certain area reducticn as follows:

'Aix % - By
U b =g+ 1pel by =g gn

where ij is the new inside surface area which transfers the same amount

of heat rate. Therefore

Aix 100- - ) (7)

A, 100 + x
1

Case II If k., << h ,
— i o

UiAi = Aihi

An  dncrease of x% Iu hi resulis in a certailn areaz reductlion as follows:

u,A = A, 1+

X
ii b 100} ho = Gy

i1

i

—
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xs}

Therefore,

N .
ix _ 100 8

Ai 100 + x

Equatione (7) and (8) are the same. From the above two cases, it is clear
that the heat transfer promoter will be most beneficial when placed on

the side of the heat transfer area with the lower film coefficient,

Case I11 If hi = ho’

In such a case it can be shown that the area ratio is given by

Aix _ 180 + 0.8x )
A, 160 + L.8x

Case IV If h, = ih
e i 2 o

In such a case it can be shown that

Aix _ 140 + 0.4x _—
A, | TW0 ¥ L.4x

: : ix .
Actual numerical valuves of the area ratio-K- are plotted in Fig., 16
i
for the gbove four cases as a function of the percentapge increase in
inside or outsidc filmcoefficientswhich could be caused by an augmen-
tative technique. The smooth pipe results in Table II show that hi
was always less than hD and the ratio hi/‘n0 was between 0.5 and 1.0.

Lecording to the results of cases IEL and IV in Fig, 16, the use of the

static mixer to improve hi may be justifiable.
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Results of Condensatlon with Static Mixers

At the present time there are no generally acceptable criteria for
the evaluation of the heat transfer result; for enhanced heat transfer
surfaces during two—phaée flow. 1In general any criterion should be
directed toward a certain objective, and subject to certain constrainﬁs.
In keeping with this principle, Bergles et al. [50] developed eight per-
formance evaluation criteria which define thé merits of surfaces with
promoters to augment heat transfer in single-phase flow. Four of these
criteria are directed towards the use of promoters for improvement
of existing exchangers. Therefore,the'basic geometry ig fixed. The
remgining four criteria are directea towards evaluating the advantages
of using promcters in the design of a new heat exchanger. Therefore,
the length and number of tubes are unrestricted and the objective is
to reduce the excﬁangerfs size. A summary of these criteria is shown
in Table III. Interested reader is referrad to reference [50] for
additional details.

The attempt was made in the present investigation to adapt three
of Bergles et al. [50] criteria to evaluate tﬁe results of condensation
heat transfer with the static mixers. In the first performance evalu-
ation criterion of Bergles et al. [50], the ratio of the heat transfer
coefficlent with promoter}hm,to its value without promoter,hsiwus
compared at thie same Reynolds number under these constraints: fixed
geometry (diameter D, length L, and number of tubes N), fixed nmass flow
rate of fluld W, fixed fluld inlet temperature, and fixed AT, Such a

criterion csn be expressed as follows:
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q./q_ = (n_/h_) (11)
m' g n 8
A W,&T,L,D,N,Tin
where
q. = heat transfer rate with promoter
q, = heat transfer rate without promoter

In Egn, (11), values of W and Tin were thelr corresponding values on
the heat transfer surface with the promoter. In the present investi-~
gation the ratio (him/his) was compared at constant condensing fluid
Reynolds numbers under these constraints: fixed geometry, fixed mass
flow rate.of coclant Mh, and fixed ceolant inlet temperature Twi' In
such a case let |

Ry = (b, /h, ) (12)

Am’ T is .
M&,Iwi,D,L,N,Re

1t should be pointed out that every effort was made in the present
investigation tormaintain the coolant flow rate and its inlelt temperature
constant in all test runs witﬁ and withcut mixers,

Refore plotting the ratio R, versus Reynolds number for the diiferent
mixers arrangemwents, it is significant to examine the effect of using the
different static mixers arrangéments on the condensation heat transfer
coefficient. Figure 17 shows a plot of Nusselt numbher versus Reynolds
nunber for all experimental data points with and without static mixers,
Unless otherwise stated the following symbolic nbtations were used for

the different mixer arvangements.
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B  44M-FL (44 elements, see Fig, 13;
0 24M-FL (24 elements, see Fig. 13)
A 24M (24 elements, see Fig, 13)
A 12M (12 elements, see Fig, 13)
A 6M (6 elements, see Fig, 13)
)] 3M (3 elements, see Fig., 13)
O OM (smooth tube)

where M stands for mixers and FL stands for full length.

In general, in all the different mixer avrangements as well as the
smooth pipe results, the Nusselt number increase with the incyease of the
Reynolds number, Aléo, at the same Reynolds number, the Nusselt number
increased as the number of mixer elements was increased., The lowest
Nusselt number occurred in smooth tube tests.

Figure 18 shows a plot of Rl defined in Egqn. (12) versus Reynolds
number. This figure was reproduced from the results of Fig. 17. The
following observations can be made from the tigure.

1. The ratio (him/his) increases with Re, At a Re valve in Lhe
neighborhood of 2000, the ratio sterts decreasing. This was the
case for almost all mixers arraugeme$t5. The reason for stch
a behavior could be attributed to the fact that for Re > 2000,
the Nussclf number for the smooth tube increases at a faster
rate, with increase of Re, than its rate of increase in tha

cases with static mixers.



¥ 44M-FL/OM '
g0 24 M-FL/OM
A 24M/0M
A 12M/0M
A s mM/oM
© 3M/OM
14§
1.3}
o
(14
=
< 12k
[»]
&
x
=
- 1
E o2 |IF !
=l
p
i ¥
| 1.5 e 25 3 3D 4
g

]

i

1]

fpoma
Ra X iC

Fig. 8. The Change in Heat Transfer Coefficient Ratic
with  Reynclds  Number. ‘

59



~O

2. The maximum improvement in heat transfer occurred by the use
of largest number of mixers that occupied the entire 1ength of
the condenser tube.

3. In experiments where 24 mixer elements were used, the better
improvement in heat transfer was achieved when the mixers

were spaced to cover the entire length.

It was pointed out earlier that for the same heat duty, a2 certain
percentage increase in the condensation coefficient results in a specified
decrease in-heat traﬁsfer area of the heat exchanger, as shown in
Fig. 15, According to the results in Fig. 17, it is clear that the
greatest reduction in surface area can be achieved by the use of
44M-FL mixers. However, other factors must be considered before such a
choice is made. Among such factors are the pressure drop and the
pumping power requirements.

In the second performance criterion of Bergles et al. [50], the
ratio of heat transfer coefficient withrprnmoter,hm, to its walue without
promoter,hs,was compared, at different Reynolds numbers under the
following constraints: fixed geometry, fixed pressure drop AP, fixed AT,
and fixed inlet temperature Tin' Such a criterion can be expressed
as follows:

q/q. = (h /h) ' ' (13)
w8 ™ 8 AP AT,L,D,N . -

In Eqn. (13), AP,AT,T and refer to their corresponding values on the

in

heat transfer surface with promoter.



61

Beforé adapting the evaluation criterion of Eqn., (13) for use in
the present investipation, it is essential to examine the pressure drop
results. Figure 19 shows a plot of the pressure drop AP versus Reynolds
nurber of all experimental runs of the test condensers with and without
static mixers. For condenser runs without mixers, there was a slight
increase in preSsuré between the inlet and outlet over the entive range of
Reynolds number covered. This can Ee explained in the following:

Inside a horizontal condenser, the static pressure gradient can be

written as

dap dp dP
¢z = G + & (14)
£ mw
vhere
(=) = two-phase friction pressure gradient
az P P
f
dp :
(EE = pregssure gradient due to momer: tum changes
mo

6%%) is always negative, while Q%%J could be positive or negative, and
£ !

the final pressure change AP, between the Inlet and outlet, depends on the
relative contribution of the twe pressure gradients, Soliman [45]

developed two expressions foxr calculating %%) and Ggg) during con-
' o

densation. Interested readers are referred to reference [45] for ad-
ditional details. Therefore, the increase in pressure the inlet and

outlet could be attributed to the fact that the pressure change due to

momentum change was posltive compared to the pressure change due to
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two-phase friction which was unegative. The same reasoning applies to
condensation inside horizontal tubes with static mixers, Figure 19
shows that in a few cases with static mixers pressure rise occurred
during condensation. In general, as the ﬁumber of static mixers inside
the condenser was increased, the Reynolds number range, over which there
was a pressure increase, decreased, ’Also, as Reynolds number increaced
the pressure drop increased for all the mixers arrangements. At the
same Reynolds number, the pressure drop increased, with the increase
of the number of mixers. It is also important to note that at the same
Reynolds number, among the condenser tests, which included 24 mixers,
the pressure drop was higher, in the case where the mixer elements were
arranged to occupy the upstream half of the condenser (24}, than in
the case where the mixer elements were arranged to cover the entire
length of the condenser (24M-FL).

Figure 20 shows a blot of the average condensation film coefficient
hi versus the ﬁressure drop for all experimental runs. As one wogld .
eﬁpect, hi increased with the increasé in AP, An increase in AP sig-
nifiés an increase in the mass flow rate, and ‘consequently an increase
in Re. The direct use of the criterion of Eqn. (13) to evaluate the
results of the present investigation was not possible for two reasons.
First, AT and Ti. were not t;e same In experimental runs with and without
mixers, Second, the ratio (Hm) at constant AP could not be evaluated

5

because AP was negative for all smooth tube runs and positive for tubes

with mixers. As a result, similar criterion was adopted in which
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(h .) was evaluated under the constraints: fixed geometry, AP, TWi and
id4 :

coolant flow rate Mw' Let

R, = (h, /b ) ' (15)
. im' LA ¢ D NLT LN :
, wl W

Figuré 21 shows a plot of the ;;tio R, versus AP, Ounly data points with
positive AP were considered in the élot.- It was developed from the |
results in Fig. 20. Had the smooth pipe results showed positive AP,
the denominator in the ratio (him/hiﬁaj could have been replaced by hs
for smooth pipes. The results in Fig. 21 show that for a pressure drop
AP < 0.1, depending on tﬁe value of AP, the ratio (him/hidﬂ) is less
than ér greater than 1.0 depending on the mixer arrangements. A ratio
of R2 < 1.0 indicates that for the same pressure drop the best improve-
ment in heat transferwas obtained with 44 mixers. A ratio of R2 > 1.0
indicates that the improvement in heat transfer, for the same pressuie
drop, can be obtained with a lower number of mixers. At pressure drogp
AP > 0,1, the heat transfef ratio RQ(him/hiAA) increaséd with the re-
duction of the number of mixer elements, for the same pressure drop.
It ig also significant to point out that for the same pressure drop,
2 better heat transfer was achieved By the use of 24 mixers spaced
to cover the entire length of the condenser than the use of 24 mixers
in the upstream half of the condenser.

When the cost of fluid pumping is a major consideration, Bergles

et al., [50] suggested the third criterion for the evaluation of performance

of enhanced heat transfer surfaces for single phase flow. In this
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criterion (hm/hq) was compared at differcnt Reynolds numbers under the
following ccastraints: fixed geometry, fixed pumping power, fixed AT,
and fixed Tin' Such a criterion can be expressed as follows:

(g fa) = (hp/b) IP,AT,L,N,D,T, ' (16)

The pumping power I can be evaluated from the produét of the
pump volume flow rate by the pressure drop AP. Due te the fact that
the increase in pressure (negative AP) was encountered in experiments
of smooth condensers as well as few other cases in condensers with
static mixers, the above criterion was modified to render it applicable
to the present results. First, the demominator in the ratio (hm/hs)
was selected to be its corresponding value for the case of 44 mixers.
Second, the evaluation criterion was applied to experimental runs with

positive AP. Let,

Ry = (hy /Mo ) poL,n,D,T . M ‘ an
wi'w :

Figure 22 shows a plot of the inside film coefficient him for all

experimental runs with positive AP, versus the pumping power IP. For

all mixers arrangements, as him increased also the pumping power increased.

To see the results in Fig. 22 in a better perspective, Fig. 23 was

generated. VFigure 23 shows a plot of R, (h, /h.,,) versus the pumping
_ 3 Vim'  i4d

power. The results in the figure indicate that, for the same pumping

power, the highest him occurred with the least number of mixers. On that
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bésis one can extrapolate the results to indicate that if the pumping
power is the major factor in one's consideration, the condenser tubes
without mixers are preferable to tubes with mixers. Alsb, the results
in Fig. 23 indicate that the use of 24 mixer elements placéd to cover
the upstream half of the condenser is preferable to the use of 24 mixer
elements spaced to cover the entire length of the tube. In the latter
arrangement the ratio (him/hi44) is nearly unity up;o pumping power of

45 ft-1b/hr, after which the ratio shows a trend for increase.

Comparison of Exit Flow Pattérns in Tubes with and without Static Mixers

| The attempt was made in this section to determine the effect of
the use of static mixers-on the flow pattern at the exit from the con-
denser. Among the different mixer arrangements, several runs, having
nearly the same inlet conditions, were chosen and tabulated in Table IV.
Three groups of data, each containing three runs, were examined, It can
be seen from Table IV that the rate of heat gained by water increased from
4753 té 5074 BTU/hr for the first group, from 5439 to 5678 BTIU/hr for the
second group, and from 5770 to 6716 BTU/hr for the third group, with the
addition of the mixers. The iﬂcrease in heat transfer caused the flow
pattem to change from wavy to slug for the first group, semi-annular to
wavy for the second group, and from annular-wavy to semi-annular for the

third group. The general trend is that the use of static mixers will

move the flow patterns towards a single-phase liquid flow pattemm, due to the

increase in heat transfer rate.
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CHAPTER V
SUMMARY, CONCLUSIONS, AND RECOM/FENDATIONS

Summary and Conclusions

Measurements of heat transfer and pressﬁre drop we?e made during
condensation inside a 0,5 in. I.D., 26 in. long horizontal tube. Seven
sets of data including 120 points were taken. In eix of these sets,
data were taken while static mixers cf different arrsngements were planed
inside the condenser tube. In the remaining data set, no mixers were
used. The following mixers arrangements were tested:

1. TForty four mixer elements covering the entire length of the condenser.

2. Twenty four mixer elements, where the elements were spaced to cover
the entire length of the condenser.

3. Twenty four mixer elements, whererthe eleuents were arranged to
occupy the upstream'half of the condenser tube.

4. Twelve mixer elements.

5, Six mixer elsoments.

6. Three mixer elements,

As in the third arrangement, the mixers in arrangements 4,5, and 6 were

placed to occupy the upstream section frowm the inlet of the condenser.

The range of flow conditions covered in this investigation weve:

1. Saturation tempersture, 130 - l74éF

2. Condensation pressure, 17 ~ 28 psia

3. Intet superheat, 2 - 52,6°F

4, Coolant flow rate, 483.5 - 942,8 Ibm/hr

5. Refrigerant mass wvelocity, 24000 - 74100 lhm#hrftz



6. Average rate of heat removal, 2510-6881 BTU/hr.

The resu;ts can be summarized in the following:
1. The average condensation heat transfer- coefficlent increased with the
increase of Reynolds number in all mixers arrangements as well as din all
smooth tube restlts. The Reynolds number was based on the I.D. of the tube
and the mass velocity of the vapor, and it was in range 890 < Re < 3740.
2. The ratio of condensation heat tranafer coefficient with mixers
to its value for the smooth tube (him/his) was compared for the different
mixers arrangements, at the same Reynolds number. The values of the
ratio, in all wmixers arrangements, were preater than unity, and they in-
creased to a maximum value at Re ¥ 2000 and then decreased, over the
Reyrolds numbar range tested. Beyond such a critical value of the Reynolds
number 1t appears that the average heat transfer coefficients increased at
a faster rate in the smooth tube than (those) in the tﬁbes with static mixers.
3. At the same Reynolds number, the largest increase in heat traczler
occurred in the condenser with the largest pumber of mixers.
4, In all pressure drop results of the sﬁooth tube, there was a slight
pressure increase lLetween the inlet and outlet, over the entire Reynolds
number range tested. At the same Reynolds number, the highest preszure
drop cccurred in the cbndenser with the largest number of mixers. Alsc
at the came Reynolds number, the pressure drop was higher in the case
of 24 mixers arraunged to occupy the upstream half of the condenser Lube
(24M) than in the case of 24 mixers spaced to cover the entife Jength of

the condenser (24M-FL).
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5. For the same pressure drop, higher heat transfer coefficlents were
achieved in the condenser with-24 mixers spaced to cover the entire con-
denser tube than In the condenser with 24 mixers placed in the upstream
section of the condenser.

6., In general, the average heat transfer coefficient increésed with the
increase in pumping power in ali condensers with static mixers,

7. For the same pumping power, the condenser with 24‘mixers placed to
cover the upstream half of the condenser géve a.higher heat transfer
rate compared to the candanseg with 24 mixers spaced to‘occupy the
entire length.

8. The static mixers inside the condenser had an effect on the development

of the flow patterns. This effect was demonstrated qualitatively.

Recommendation for Further Studies

The attempt was.made in this investigation to determine the effect
of static mixers on the heat tfansfer and pressure drop characteristics
during condensation of refrigerant-113 inside a 0.5 in. I.D., 26 in.
long horizontal tube, Data were taken with different numbers and arrange-
ments of static mixers over the Reynolds number range between 890 and 3740.
The following recommendations are made for further studies:

1. Additienal similar studies using different fluids, tube lengths,
tube diameters, and types and arrangements of static mixers are needed.
The objective of these studies is the development of design correlatlons
for predicting the heat transfer and vressure drop fer condensation inside

horizontal tubes with static mixers.

i
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2. Doiling and condensation are of the same importance from an
‘engineering polint of view. It is reccmmended that the static mixers
be used in the boiling process, to investigate their effect on the heat

transfer and pressure drop characteristics.

3. It's also recommended that effects of simultaneous applications
of different augmentation techniques, such as surface vibration, fiuid
vibration, surface roughnéss, spiral fins, éoiled tubes, twisted tapes,
and static mixers, on the heat transfer and pressure drop characteristics

of the condensation and boiling processes be lnvestigated,
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Symbol

APTENDIX A
NOMENCLATURE

Definition
tube cross-sectionélrflow area, ft
equivalent cross-sectional area for cooling water, ftz
inside surface area of the condenser inner tube, ft2
utside surface area of the condenser inner tube, ft2

specific heat of cooling water, Btu/bm °F

specific heat of cooling water evaluated at bulk conditions,
Btu/1lbm °F

: -6
thickness of striations, mm or 10 m
inside diameter of condenser's inner tube, ft

outgide diameter of smaller concentric tube (iaside of
annulus), It

ingide diameter of larger concentric tube (outside of
anmulus}, ft

equivalent diameter of heat exchanger, ft

total mass velocity of refrigerant-l%3, bazed on the con-
denser tube inside area, lbm/hr ft*

ceooling water mass vn:a'mci'r.y:2 based on the squivalent cross—
sectional area, 1lbm/br.ft

latent heat of vaporization, Rtu/br

. — 2 0.
jpeids heat tracsfer coefficient of condenser, Btu/he.ft T

i L]
5 . ; - . i L O
water—-sice healb transfer cocflficient of condenser, Bru/hr.ft F

; o ; . - o
thereal conductivity of coadenser bube, Bru/hr.{t °F
" _— : : e T L O
ghemanl conductivicy of refrigerant-il3, Boufhr fe T
p 4 . . N 0.
rhernal conduckivity of cooling water, Btu/br.ft F

leugth of condenser section, f¢

83



Syraol

av

Pr
AP

i

AT?

]

Definition
total mass flow rate of refrigerant-113, lbm/hr
liquid mass flow rate, lbm/hr
vapor mass flow rate, lbm/hr

cooling water mass flow rate, lbm/hr

Nusselt auuber = —== , dirensionless

- 3
Lf

static pressure, lbf/ft2

average static pressure, 1bt/ft2

C Uy
Prandcl number = -{?-

\

pressure drop, Pi - Po, psi

pumping power, ft-1lbf/hr

heat flux, Btu/hr
G D

Revnelds number = "l—-, dimensionless
!

temperature, °F

refrigerant-%13 saturation temperature base on average

bl

pressure, ¥

g ; ; o
logarithmic mean tewperature difference, F

3

tempe:atureedifference between saturated liquid and inside
surface, F '

overail heat transfer cocfficient based on iunside surface
area of the condenser imner tube, Btu/hr, ft2 °F

dryuness frictiem
. S 3
refrigerant density in pump, lbm/ft

saturated liculd density, lbm/ft3

2 3
vapor density, lbm/ft

¥ 4]

L



Symbol

b
)

Supscripts

L

Definition
cooling water viscosity, c.p. or lbm/ft-hr

cooling water viscosity evaluated at wall conditions,
c.p. or lbm/ft,hr

cocling water viscosity evaluated at bulk conditions,
c.p. or lbm/ft.hr

refrigerant viscosity based on condensate condition
centi-poise or lbm/ft.hr
Definition
liquid
two-phase £ riction
tube with mixers
momentum
smocoth tube
water at inlet condition
water at ountlet condition

difference



Term
PAVE
TSAT
DEGSUP
LOGDT
TWIN
TWOUT
TOTNH

eV

X

Q BY WATER
Q BY FRON
FRROR
LAN-FL

24M-FL

246M

120
6t
M

OM

APPENDIX B

OPERATING CONDITIONS AND ilEAT BALANCE

FOR ALL THE EXPERIMENTAL RUNS

Explanation of Terminology Used in Computer Output

Meaning
average pregsure, psia
saturation temperature, Op
degree superheat, UF
logarithmic~mean temperature difference, 0F
inlet water temperature, p
outlet water temperature, Op
total water mass flow rate, lbm/h£
total refrigerant mass velocity, lbm/hr ft2
dryness fraction
heat rate gained by water, BIU/hr
heat rate lost by refrigerant, BTU/hr
heat halance error, %

44 mixer elenents

24 wiver elements spaced to cover the entire length of

the condenser

24 mixer elements placed in the upstream section of the

condenser
12 mixer elements
£ mixer elements
3 mixer elements

smooth tube

7h
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APPENDIX C

HEAT TRANSFER, PRESSURE DROP, AND FLOW PATTERN PARAMETERS

Explanation of Terminology Used in Computer Qutput

Term

HO

HI

DELP

Flow Patteins

S-A

SA-W

Meaning

overall heat transfer coefficient, B/hr.ftz. °r

-, ¢ sl 2
water side heat transfer coefficient, B/hr.ft”. o

inside heat transfer coefficient, B/hr.ftz. OF
Reynolds number

Nusselt number

pressures drop, psia

slug
wavy
annular-wavy
semi-annular

semiannular-wavy

95
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APPENDIX D

CALCULATIONS SAMPLE FOR RUN NUMBER 12

Rgcorded Bata

The following readings were recorded for run 12:
Reference (amhient) temperature
Atmosphere pressure
Condenser iniet pressure
Refrigermmt-113 inlet temperature
Refrigerant-1i3 exit tempefature
Condensate flow rate at exit
Liquid flowmeter temperature
FPump f£low rate
Water inlet temperature
Water exit temperature
Water flow rate through the condenser
d/p cell output

Pump terpoxvature

Step l: {enversion of 21l Messuvrmments inte Useful Data
Eoference {ambisnt) temperature
efrigevent-113 iglct temperature
Refrigeraat-113 exit temparature
Water Inlet terpersburvre

Water exit tewperature

o

180.72°

1.48 m.v
0.05 gpm
0.869 wm,v.
0.081 gpm
-0.47 m.v.
-0.3635 m, V.

1.863 gom

0.47 m.v.

83 Oy

145.68 °F
62.123 °F

66.910 T
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Liquid flawmete¥ tempcrature i = 112.78 °F
Pump temperature 7 : = 103.4 °F
Condenser inlet pressure = 24,73 psia
d/p cell output ff; 0.155 psi

Step 2: Thermophysical Properties

The condenser exit pressure was the difference between the inlet

pressure and the pressure drop from the d/p cell output, then

P = 24,72 - 0.155 = 24,575 psia

P = = 24,65 psia

All projperties were taken from reference [32] and [45], consequently

T = 146,93 °F

s
K, = 0.0388 B/hr ft OF
um = 1,026 lbm/hr £t

Step 3: Heat Balasnce Exrorx

3
o pallons ~ minufes . ft
= 0,087 BA2ANE ¢ g LT £ 0.13368
Mf U8l minute % o5 nour . allon
% 95.0 EEEv SE WM
£~
= §1,72 lbn/bhy
11 ooml S r3
gallons nutes £
(= o Balions iy BRI i e
Li .08 wnute a0 hour w1330 pallen
I
9 t.O "i:"{\g H
it

= 60, 316 lbmfhy



X = 61,72 - 60.316 = 1,404 lbm/hr

105,85 B/1bm

1l

Enthalpy of refrigerant at inlet

29- 37 '
33.338‘B/lbm w %

Enthalpy of condensate at outlet
Enthalipy of vapor at outlet =_100.336 B/lbm /¢- /5
Enthalpy of refrigerant at outlet

(60,316 x 39,338) + (1.404 x 100.336)
61.72

= 40,725 B/lbm

Heat lost by refrigerant = 61.72 (105.85 - 40,725

4019.5 B/h=

. _ "
. , pallons minutes 368 it
Y 1.86335 (nute 0 four B BaekD gallon

x 62.3 lbm/ft3

= 931.1 low/hr
Heat gained by water = 931.1 x (66.91 - 62,123)
= A657.17 Bfhr

445717 = 4019.5
4457.17

Percer.tage heat balance crvor =

= 9, 82%

102



Step 4 Calculation of Inside Hewt Transfer Coefficient, Nusselt Number,

and Reynolds Number

q = UgA; AT
q = 4457.17 B/hr
1,26, 2
Ai o gdl = “(2x12)(12) = 0,283616 ft
-  (146.93-62.123)-(146.93-66.93)
= In[(146.93-62.123)/ (146.95-66.91)
= 32,39 °F
, = 445717 - 190.74 B/hr ££° °F

i (0.283616) (82.39)

1
U, = -
> . Aizn(rU/Yiz + fl 1
h 2rkL A h
oo
s -2
y, = 208 x 107 fe
-2
v = 2.60 x 1077 £
6 :
|
A, = C;%;;) x %% = 3,545 x 10 ~ ft2
K = 220 n/hr ££F °F

L= 28 21666 o
L, = 12 s )- o

Calculutien of hﬂ:

103



Yor water in annulus:

water buik temperature = 64.51 F
(1

' H
-y = 7.22
k 7y

6.999 E/1bm °F

Q
[

b

a31,.1 lbm/hr

=
i

B 5" 5 = -
Ae s F[(m) - ‘axle'i) ] =, 3-3236 = 10 ft

o o —33L1 . 86148.0 1bm/hr £t

¥oo3,3236x10 "

2.6 1bm/fi-hr

Yi

water viscosity at bulk temperature g

1.4592 1lbwm/Et=hr

i

water viscosity at wall temperalbure o
L.

- ¥ . ____E_),_'_ =l [ 4 ...2 =
DL 0 )J 17 Belz 3.125 x 10 © ft
b, W s Gl -
o . (7‘22)~/5 (_1_445)") 0023

(0. 099) (280148.4)

9 2
3,125%10 2x280148.0,°" 7

e 2.6

h, = 368.2 Beu/ir £e? Op

1G4



190.

Nu

X

Ru

Re :

Re ==

1
1 + Ai'q'n(“fo/yi) + fl.l_
b, 2mKL A h
i i -
1

1, €0.283616)fn(2.60/2.08)  (0.283616)

h, 2m(220) {2.1666) (0.3545)

i

327.2 Btu/hr £t2 Op

Lh.D
L
K

£

0.0388 B/hr ft °F

327.8 x c% % %5)

"~ 0.0388 - 352'0_
i&d

DG

_

H

Mg 61.72

5 = 45264,5 1bm/hr ft

LK o
2xZx12°

= 1834.6

] T h]
.

2x12%1.028

2
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APP.NDIX E

PROPERTIES OF REFRIGERANT-113

Chemical Formula ) ' ¢ clyF-c cﬂFz
Molecular Weight , : 187.139

Boiling Tewperature at Atmospheric Pressure ‘ 117.6 °F
Freezing Temperature at Atomospheric Pressure -31 °F
Critical Temperature : , 417.4 °F
Critical fressure 498,9 psia
Critical Density . , 36.0 lbm/fe -
Density of Liquid at 86 °F , _ ' _ 96.96 lbm/ft3
Specific Volume of Saturated Vapor at 5 °p 27.04 ft3/lbm
Specific Heat of Liquid at 86 °r ) 0.218 B/1bm °F

Thermal Conductivity

saturated Liquid at 5 °F 0.044 B/ft hx °F
‘gaturated Liquid at 86 °F ' 0.037 B/ft hr °F
Vapor at Saturation Pressure at 5 O : 0.0035 B/ft hr °F
Vapor at 1/2 Atmosphere Pressure at 86 g 0.0045 B/fft hr %%
Viscosity ~
Saturated Liquid at 5 °F 1,28 C.P.
‘Saturated Liquid at 86 DF, . ' | 0.638 C.P.
Vapor at Saturation Pressure at 5 °F 0.0079 C.F.
Vapor at 1/2 Atmosphere Pressure at 86 °p 0.0096 C.P.
Color : clear and
colorless

Flammability : Nonflammable
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ABSTRACT

Measurements of heat transfer and pressure drop were made during con-
densation inside a 0.5 in. I.D., 26 in. long horizontal tube. Seven sats
of data points were taken. In six of these sets, data were taken while
static mixers of different arrangements were placed inside the condenser's
tube. In the remaining data set, no mixers were used., The six different
arrangements of mixers were: fourty four mixer elements covering the
entire length of the condenser (44M-FL), twenty four mixer elements spaced
to cover the entire length of the condenser (24M-FL), twenty four mixer
elements arranged to occupy the upstream half of the condemser (24M),
twelve mixer elements, six mixer elements, and three mixer elements. The
last three mixer arrangements were also placed to occupy the upstream
section from the inlet of the condenser. A wide range of condensing con-
ditions was covered.

The average condensation heat transfer coefficient increased with
the increase of Reynolds number in all mixerg arrangements as well as the
smooth tube results., Reynolds nﬁmber was based on the inside diameter
of tha tube and the mass velocity of thé condensing fluid, and it was in
the range 890 < Re < 3740, The ratlc of condensation heat transfer coeffiﬁienr
with the mixers to its value for the smooth tube {him/his), in all mixers
arrangenents ocver the Reynolds number range tested, was greater than
unity. 7Its wvalue increased to a maximum value at Re = 2000, then it
decreased. Beyond such critical value of Reynolds number, the average
heat transfer coefficient increased at a faster rate in the smooth tube

~than its rate of increase in the tubes with static mixers. At the same



Reyuolds number, the largest increase in both heat transfer and pressura
drop occurred in the condenser with the largest number of mixers. There
was a slight pressure increase between inlet and ocutlet in all pressure
drop results of the smooth tube., Also at the same Reynolds number, the
pressure drop was higher in thejcaée of 24M mixers arranged to occupy
the upstream half of the condenser tube than in the case of 24M-FL mixers
spaced to cover the entire length of the cendenser. But for the same
pressure drop, highér heat transfer coefficients were achieved in the
condenser with 24M—FL mixers as compared to the 24M mixers.

In general as the average heat transfer coefficient increased in
all condensers with static mixers the pumping power increased. For the
sane pumping power the-condenser with 24M mixersrshowed a higher heét
transfer ratce compared to the condenser with 24M-FL mixérs. The effect
of thg use cf static mixers inside the COndensér on the development of

the flow patterns was qualitatively examined.



