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In the research work, the pressure-drep'in an oscillatory baffled plate double
pipe heat exchanger is investigated.JThe pressure drop is a major lost encountered
in this unit operation. The variables affecting the pressure drop include the ratio of
the diameter of baffled plate'to pipel diameter, the ratio of distance between the
baffled plate to pipe diameter, the fléla;fate of the hot stream, the frequency, and
amplitude of the oscillatory moven;ent.':;We investigate the relationship among these
variables in a dimensio,nless__fq_r'm in fiEiwg___e,,ﬁrange of Oscillation Reynolds number
between 0 to 2,000, Reynealds numiber from_ !1 00 te 1,000, the ratio of the diameter of
baffled plate to pipe diame’%ér' trom O4§'@7 the ratio of distance between the
baffled plate to pipe diametér-from 1t0~2*5 the f_yequency of the oscillatory
movement from O‘.é%{e%@—Hz,—and—the—amp%é&th;q"oscillatory movement from
0.25 to 1.0 cm. The behavior observed can be clas‘;cfri.'f’i;ed into two categories with
different range of Re‘;/nolds number, from 200 to 600 and 700 to 1,200. The empirical

models devgloped for both categories are
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CHAPTER |

INTRODUCTION

1. Background and important

Heat exchangers have been used in a wide variety of applications such as the
district heating stations, the heat recovery systems, food and chemical process
systems, and the oil cooling systems. As energy has been concerned, the energy
conservation has driven the development in”;;rf’_@/hi’gh efficiency of heat exchangers in
recent years. The demand fer econgmical; IiéhtWeight, and space saving heat
exchangers has influenced the r_esearch of compact'surfaces. The double pipes heat
exchanger is one of:ﬁfyiégt examdies for the advancement and technological

development in the con

pa
system has gained the y§:]rfe drop fhat-ﬁas an effect on cost of operation.

"'he‘al e‘)gcha@\g,er due te its high thermal efficiency but the

&
.

The cost-optimized es_fgﬁ of heat exchangers requires a fast and reliable
calculation of pressure dr om" tHe’b}')erat‘i'éﬁ costs. For co-current and counter-current

flows, a simple approxumatlng calculatuon rﬁeme}d Is presented, taking into account the

!
*

variation of the fluid propertles alt:mg the ﬂ;svy path. For any practical case reliable,

k.
-.‘ —

results are obtained only by calculatmg both the pressuge drop and the local overall

| "

' a 3,—;...,

heat transfer coefﬂcuem{;at least at two points of the heat ez_gchanger.

The various heat transfer enhancement technigues have been divided by
considering increasing the+rate of heat transfér in forced convection through reducing
the size of the heatiexchanger and thel effect of.energy consumption. That can be
categorized to be the active techhiques and the passive techmiques. The active
techniques lis to bring“eut source 'facters far making turbulent ffloaw/ such as external
power source, mechanical aids, surface vibration, fluid vibration, electrostatic fields,
injection or suction of fluid and jet impingement. On the other hand, the passive
techniques is to add some equipment for making turbulent likes such as the treated

surfaces, rough surfaces, extended surfaces, displaced enhancement devices, swirl

flow devices, coiled tubes, additives for liquids and gases, and et cetera. When



compare with this two techniques, the passive is relatively low cost method, easy to
install and remove the inside tubes for cleaning purpose.

Recently, the technology of the oscillatory baffled flow has been increasingly
utilized in various industrial processes such as the suspension polymerization, the
crystallization, the paint dispersion, the flocculation and the fermentation. Focusing on a
substantial body of scientific papers and engineering applications, currently support the
view that the oscillatory baffled flow is an exciting form of reactor and process
technology with major commercial potential. H;;W@ver, the significant point is that the
passive heat transfer enhancement meostlyachieves at a cost of pressure drop
increment. Therefore, the evaluatlng of these technigues requires the knowledge of both
heat transfer and pressu /Qfop mmnmlzaﬁon

Pressure drop is am egonomical factor in the heat exchanger design which is
required to optimize dunng heat exchange,{ equment design phase. In this study, it is
to research in relatlonshnps b@tween ﬁactors* which affect pressure drop, including with

-'g
; "

find out the well-matched condltlon of doubje bafﬂed plate pipe in terms of oscillatory

o A -

flow. This study mainly |m;5rov__e§ Heat exgkj@_(sger efficiency design and improves

efficiency of each operating unit: suoh as the‘?her'ni,cal reactor the mixing tank, fluid and

et cetera. In addition; jhe fluid pumping power is requxred to determine as part of the

o

system design and operatlon cost analysis.

1.1 Objective of-this work

1. To determine~the’ effect-of ‘operating" parameters including hot flow rate,
frequency and amplitude’of shaking, piasing of baffled’plate and internal
hold of"baffle | plate to“pressure drog in oscillatory 'baffled plate heat
exchanger.

2. To develop the empirical model between pressure drop and related
parameters including hot flow rate, frequency and amplitude of shaking,
phasing of baffled plate and internal hold of baffle plate in oscillatory baffled

plate heat exchanger.



1.2 Scopes of this work

The variables have an effect on the pressure drop such as the ratio of the hole in
the baffled plate per inside pipe diameter, the ratio of distance between the baffled plate
per inside pipe diameter, heat flow and the oscillatory of frequency and amplitude as the
value on Table 1.1 in the Reynolds number of oscillatory from 0 to 2,000 and the

Reynolds number of the hot flow from 100 to 1,000.

Table 1.1 Condition d '% anger machine running

: rr——
Faclep". —— Unit Value
Hot Flow raié 7 ‘ \ I/min 4-15
Amplitug &= ‘ \ N N cm 0-1
& A \1\‘
Frequency 4 ' ' Hz 0-2
Inner pipe ; : ni'_
?ﬁJﬂ
Inside baffle plate ¢
U= - 0.4-0.7
pipe diameter:g D- -
S
"!"i Side pipe diameter: S/IO; :'_‘ - 1-2.5
Outer pipe | Cold F.mw rate - 5-25

AUEINENINYINT
RINNINANINYAY




CHAPTER I

LITERATURE REVIEW

2.1 Heat exchanger

Choowang P. and Kheawhom S. (2009) study method to increase the heat
transfer efficiency of double pipe heat exchanger at laminar flow by using the combined
effect of oscillatory motion and turbulence promotion. Thermal boundary layer can be
decreased by installing periodically spaced .orifice baffles. The oscillatory motion is
achieved by moving a set of erifice baffles up-and down at the top of the tube. The
parameters that have effeet'on _heat transfer efficiency are inner hole diameter of baffle
plate, space between-bafflerplates, hotl and cold stream flow rates, frequency and

vibration amplitude. The relationshipe bet_ween Nusselt number of inner and outer heat

transfer surfaces can bg shown/as funetleﬁs of oscillatory flow Reynolds number in rang
of 0-2,000, hot flow Reynelds number in raﬁge of 100-1,000, cold flow Reynolds number

in range of 500-2,500, the ratio of i mner hole diameter and tube diameter in range of 0.4-
4 .*

0.7 and the ratio of the space between each Baff,les and tube diameter in range of 1-2.5

..'

are

taf o
e 6.1 i
- 4~

0.1077 RE" ! Pr, "
Ny, —01995Re238391’.r,°9998( S -100.0  and

k aO 1956 0.2093 ) Re(: 52f4a0 9748ﬂ

Nu, =58.7525Re**" Erf“” , respectively.

Ni, Mackley and Stenestresst (2003):is stated to the previously research, which
is use for gain more.éfficieney on each substance to be the better condition. Start from
1940-1950, on industrial where would like to extractithe substance frem Plate or Packed
column’“To gain mere productivity.an extract, the new waly is oscillation flow. There are 2
types of oscillation Flow. First, Pulsing the contents of the column (PPC) is making liquid
inside of column oscillation by use in-out pump, during the fluid in column. Second,
Reciprocating plate column (RPC) is to make baffled plate up and down which the
reflection will attack and carry fluid between baffled plates shaking. This research study
on oscillation flow which have 2 types of baffle.

Strong point of 2 baffled oscillation flows are



—_—

. Add more efficiency of heat transference.

. Using of reactor type pipe flow.

. Add more efficiency of mass transfer between gas and liquid.
. Add more efficiency of solid separation.

. Control droplets in liquid separation

. Crystallization process.

. Polymerization process.

. Add more efficiency of sediment mixing precess.

© 0o N O OO A~ W N

. Gain more efficiency of baich reactorprocess.

Ru Yang and Fan PiasChiang (2001) study in heat exchanging in double pipe
which inner is waviness. Byising heat ex!phanger coefficient of Wilson plot way, to study
in factor which could effected o, heat exéhanger. Dean Number (Da), Prandtl Number
(Pr), Reynolds number(Re)@and fn‘c_tio‘n faa?[or,_(f) find out heat transference’s coefficient.
In high Dean Number, heat transfer is alsc;amgh and will increase 100% when compare
with direct flow. The friction factor decreasq 40% and also get low Reynolds number
which is less than 600 and adap, mtc; anothe(};n_f_s:hhod.

NI, Brogan, Struthers, Bennet and_:@i@gp (1998) is experiment on factor of

mass transfer coefficient on-mixing time and find-out the_'ip,,roper parameter in double

bending pipe of osciffation baffled. The study on ratio between inner hold of baffled
compare with diameter(d/D), value 11-51%. The ratio“between baffle compare with
diameter, value~1-2,and thickness of baffless 1-48 . mm«The, cenductivity measurement
find the last mixing time”by“using ‘NaCl. The frequency'is on*1-10 times per second.
Amplitude is 1-20 ml,

The'result of during experiment; ratio ‘lbetween linnerhold baffled compared with
pipe diameter in differ frequency and amputate. The frequency is 10 rounds per second
and amplitude is 10 mm. can get the least mixing time. The conclusion is in the best
mixing and can get the proper parameter are
1. Ratio between hole of baffled and diameter (d/D,) is on 20-22 %.

2. Ratio of baffle compared with pipe diameter, proper value is 2.

3. Proper of baffled thickness is 2-3 mm.



Mackley and Stonestresst (1995) study on gain more efficiency of heat transfer
and reduce flow of oscillation baffled, Which is study from double pipe oscillation in
pulsation causes from cylinder's pusher. In pipe also construct with baffle plate phasing
between baffle plate and pipe diameter is 7.5 on net flow Reynolds number (Re,) and
Oscillatory flow Reynolds number (Re,,) on Laminar Flow 0 - 1,400 and 0 - 1,000 so on.
The conducted value compare with heat exchanger coefficient (Nusselt Number) to
compare with Laminar flow equations which'is the equation of Key and Neddernman in
1985. In pipe of non-baffle and oscillation flow ol baffled. Furthermore, to get the low
pressure which is from osecillating inner-baffled, te-find power or massive of efficiency
compare with volume.

The power density @ata nthis researches, at small amplitudes of oscillation and
higher frequencies. The pewer density is greater than predicted by the quasi-steady
model. They believe the device is_operatTng__in a non-quasi-steady regime. They told
non-quasisteady operating regime offers i&_different type of fluid mechanics to either
quasi steady or turbulent flow, aﬁd -we belnﬁye that significant process advantage can

be found by operating in this regime: ;.J'a

2.2 Pressure drop

Tsai, Liu andj ;Sih;n (20697)misrinvestigations‘ ofr the pressure drop and flow
distribution in a chevron-type plate heat exchanger which they work hydrodynamic
characteristics and distribdtion of flow in two_cross-corrugated channels of chevron
plate heat exchangers. Thel numerical fresults.-havel beén validated with the
measurements taken by laboratory ‘experiments. #A. three-dimensional model with the
real-size '‘geometry of the two cross<corrugated channels and accounting the inlet and
outlet ports has been conducted for the numerical study. The local flow characteristics
around the contact points have been discussed. The velocity, pressure and flow
distribution of the fluid among the two channels of the plate heat exchanger have also
been presented. The computational results of pressure drop have been validated by the
experiment data. The experimental results of pressure drop are 20% higher than the

predictions by CFD.



Akhavan-Behabadi, Salimpour, and Pazouki (2008) study pressure drop
increase of forced convective condensation inside horizontal coiled wire inserted was
performed to investigate the increment of the pressure drop during condensation of R-
134 a vapor inside a horizontal tube with different coiled wire inserts. Investigating the
results for the coiled wire inserted tubes revealed that insertion of helically coiled wires
inside horizontal tubes was found to augment the pressure loss from 260% to 1600%
above the plain tube values on a neminal jarea basis. Also, influence of coiled wire
geometry on the pressure drop was investigai€d:'Based on the collected data, Pressure
loss decreases as coiled-wire-diameter reduces-and coiled wire pitch increases. To
predict the pressure loss in ceiledwire inserted tubes, a new correlation was developed
based on the experimentaldata‘of the present study. A new correlation was developed
based on Chisholm correlation to predict the pressure loss in plain tube. Finally, the
performance evaluation of the coiled wire iﬁsef(ed condensers was done.

Mushtak Al-Atabi‘and Chin (2006) fs‘t_udy pressure drop in laminar and turbulent
flows in circular pipe with bafiles - An expérj}néntal and analytical study. That flow in a
circular pipe fitted with segmental b;ffles may:'ir-gl’gtreated as a shell without-tube system.
Its pressure drop has been c,al_(;_ulated by ;d_a_gting the Kern correlation for pressure
drop in the shell side of shell-and-tube heat exchangers. The Kern correlation is
essentially based on the Hagen — Poiseuille equation for laminar flow. However flow
visualization results presented here show that enhanced mixing and turbulence-like flow
may be present-at Reynolds-numbers (based on the jpipe.diameter) as low as 50. The
model accounted, for'the” geometry of the baffles’ and used ‘well known correlations to
combine. the .effects. of .turbulent .and laminar flows: In.addition, the_model equations
were solved algebraically, which ‘makes’it very convenient-to use. ‘An-analytical model
has been developed which predict the pressure drop across pipe with baffles system in
nominally laminar flow condition. Flow visualization suggested that the baffles induce
turbulence-like flow structure at Reynolds number much lower than the critical value
where flow transition is expected to occur. The model was solved algebraically for flow

in pipe with three baffle arrangements and the results were validated by experimental

data. The present pressure drops model shows much better agreement with the



experimental data when compared with of Kern on various clearance to diameter ratios
for Reynolds number between 50 and 600.

Cheng and Chen (2006) study of single phase flow heat transfer and friction
pressure drop in a spiral internally ribbed tube which the experimental results of single-
phase flow heat transfer and pressure drop experiments in the turbulent flow regime in a
spirally ribbed tube and a smooth tube are presented. The ribbed tube has an outside
diameter of 22 mm and an inside diameter of ;11 mm (an equivalent inside diameter of
11.6 mm) and the smooth tube has an eutside diameter of 19 mm and an inside
diameter of 15 mm. Both.tubes -were uniformly.-heated by passing an electrical current
along the tubes with a heatedlength of 2,500 mm. The working fluids are water and
kerosene, respectively. Thes€xperimentaliReynolds number is in the range of 10°-5 x10"
for water and is in the rangg of 02,2 1 Q“*for kerosene. The experimental results of the
ribbed tube are compared with these of tIfe smooth tube: The heat transfer coefficients
of the ribbed tube ares1.2-1.6 fold greai;er than those in the smooth tube and the
pressure drop in the ribbed tube -is -also mcreased by a factor of 1.4-1.7 as compared

o ol i

with those in the smooth tube for water.The Cer@§ponding values for kerosene are 2-2.7

and 1.5-2, respectively. The heat-transfer 3ab_érjc;ement characteristics of the ribbed

tube are assessed. .

Roetzel (1973),study calculation of single phase pressure drop in heat

exchangers considering in the change of fluid properties/along the Flow Path which the
cost-optimized .design ;of heatyexchangers~requires ja~fast, but reliable calculation of
pressure drop Which*makes“a major contribution"to*running’ costs. For concurrent and
countercurrent flow_.a simple approximating, calculation method.is preésented, taking into
account the variation' of the fluid properties along the flow'path. For any practical case,
reliable results are obtained only by calculating both the pressure drop and the local
overall heat transfer coefficient at least at two points of the heat exchanger. In the
special case of a gas in a turbulent flow and as usual, the major resistance to heat
transfer is caused by the gas, it is sufficient to calculate only the pressure drop and at
one point only. Pressure drops calculated exactly or by the proposed approximation

compare well.



CHAPTER Il

THEORY

Fluids need to be pumped through the heat exchanger in most applications. It is
essential to determine the fluid pumping power required as part of the system design
and operation cost analysis. The fluid pumping power is proportional to the fluid
pressure drop, which is associated with fluid friction and other pressure drop
contributions along the fluid flow path. The fluidspressure drop has a direct relationship
with exchange heat transfer, operationy size, mechanical characteristics, and other
factors, including economic consig@erations. The objective of this chapter is to outline

the methods for pressure drep analysis iniheat exchangers and related flow devices.

. 4

it

3.1 Importance of pressure drop % ,

The determination of presé-ure drg.p ?Ap iIn a heat exchanger is essential for
many applications for at lgast/two r_éasons'_ﬂ:-‘(j ) The fluid needs to be pumped through
the exchanger, which means thg_t,foTd pum;p‘r!}:i_'gﬁower is required. This pumping power

is proportional to the exchanger pressure?d_top. (2) The heat transfer rate can be

d =i

influenced significantly by the séturation temperature / change for a condensing

/evaporating fluid if ‘tl:fe_re is a large pressure drop assgibi’ated with the flow. This is
because saturation temperature changes with changes in saturation pressure and turn
affects the temperature poténtial for heat transfer.

Let us first determine the relative importance. of the fluid pumping power P for
gas flow vs. liquid flow in a heat exchanger. P is preportional to Apin a heat exchanger
and is given by
o

N, P

P (3.1)

Where v is the volumetric flow rate and n, is the pump/fan efficiency. Now

introduce as following relationships:
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Where G is referred to the baffle mass velocity (G = pu,,,). A, is the minimum free
flow area, f is the Fanning friction factor and Re is the Reynolds number as defined in
Eq.(3.2) The Ap expression in Eq. (3.2) is for the baffle frictional pressure drop and is
derived later. Substituting the expressions of Eq. (3.2) into Eq. (3.1) and simplifying
results in '

.

[ 1 Lol ,
2g.1, ?ED;,A (f:Re) For fully developed laminar flow  (3.3a)

. . .

P mAp / “l
o 4 .

0.046 g™ 4L s < 4 For fully developed turbulent flow (3.3b)

\2gc77p pszﬁ ‘AQMD;M =

r i ., 3
,.--"r : .f'.
Here f = 0.046Re™ fs used in the déﬁvatlon of the right hand-side expression of

Eq. (3.3b) for fully developed,turbulent flow: ffl’éig also that f Re in Eq. (3.3a) is constant

.-.-_‘,

for fully developed laminar row To determine the order of magnitude for the fluid

iy
= _.‘,-x_‘_t -

pumping power requirgment for gas vs. liquid flow, let us qssume that the flow rate and

S

flow passage geometry*are given (i.e., m, L, D,, and A, arebsbemfled) It is evident from
Eqg. (3.3) that P oC 1/,0,2- (i,e., strongly dependent on O in laminar and turbulent flows):
Pa ,Llo'z (ie., weakly depéndent on L in furbulent flow). For high-density moderate-
viscosity liquids, thetpumpifig ‘power is 'generallyl.so small that it has only a minor
influence on the design. For laminar flow of highly viscous liguids in large L/D,.
Exchangers, the [fluid pumping [pewer+is. an important| constraint./ In addition, the
pumping power is an important consideration for gases, in both turbulent and laminar
flow, because of the great impact of 1/ pz. For example, the density ratio for liquid water
vs. air at ambient conditions is approximately 800: 1, which indicates that the pumping
power for airflow will be much higher than that for water if APis to be kept the same.
Hence, typical design values of AP for water and air as working fluids in a heat

exchanger are 70 kPa (10 Psi) (a typical value in shell-and-tube exchanger) and 0.25
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kPa (1 in. H,0) (For compact exchanger with airflows near ambient pressures),
respectively, to maintain the low fluid pumping power requirement for exchanger

operation.

3.2 Fluid pumping devices

The most common fluid pumping devices are fans, pumps, and compressors. A
fan is a low-pressure air- or gas-maving device, which uses rotary motion. There are two
major types of fans: axial and radial (ceniriidgal), depending on the direction of flow
through the device. Fans may.be categerized as.blowers and exhausters. A blower is a
centrifugal fan when it is used.teforce air through a system under positive pressure, and
it develops a reasonably high static pres’isure (500 Pa or 2.0 in H,0). An exhauster is a
fan placed at the end of a systemwhere rriost of the pressure drop is on the suction side
of the fan. A pump is.@ deyicg used to rervg or compress liquids. A compressor is a
high-volume centrifugal devige caprable ofﬁ@;ompressing gases [100 to 1500 kPa (15 to
220 psi)] and higher. \ *

Fans and pumps aré vg_ly;ﬁ—etric deiu?:q.s and commonly used to pump fluids
through heat exchanger. This_means. that qﬂ%ﬁygill develop the same dynamic head

[pressure rise per unitﬂuid (gas) weight across the fan; Eq (3.4)] at a given capacity

(volumetric flow rate)"f;e_gardless of the fluids handled, with all other conditions being
equal. This means the pressure rise across a fan will be proportional to the fluid density
at a given volumetric flow rate for all other conditions being,equal. Note that the head,
dynamic head of 'velocity head is'referred to-as'the 'kinetic ‘'energy per unit weight of the
fluid pumped, expressed in units of millimeters_of‘ifched (feet). Thus_the pressure rise
across a fan (whichis mainly consuriied as the pressure 'drep across a-heat exchanger)

can be expressed in terms of the head H as flows:

2
by g (3.4)
rg’g. 2g

Since fans and pumps are generally head limited, the pressure drop in the heat

exchanger can be a major consideration.
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3.3 Major contributions to the heat exchanger pressure drop

The pressure drop associated with a heat exchanger is considered as a sum of
two major contributions: Pressure drop associated with the baffle of matrix, and pressure
drop associated with fluid distribution devices such as inlet/outlet headers, manifolds,
tanks, nozzles, ducting, and others. The purpose of the heat exchanger is to transfer
thermal energy from on fluid to the other; and for this purpose, it requires pressure
difference (and fluid pumping power) to forcerthe fluid flow over the heat transfer
surface in the exchanger. Hence, ideallymost of the pressure drop available should be
utilized in the baffle and a_small” fraction in the manifolds, headers, or other flow
distribution devices. Howeyer, ihis ideal situation may not be the case in plate heat
exchangers and other heat exchangers in which. the pressure drop associated with
manifolds, headers, nozzles; and so on, méfy not be a small fraction of the total available
pressure drop. |

If the manifold and heade-r ;;-)ressur;:d;bps are small, the baffle pressure drop
dominates. This results in a relatively uniformij_;ﬁl-‘ﬁfmdistribution through the baffle. All heat
transfer and baffle pressure drg_p analyses;zg_t_l;i_n_ed here and in preceding chapters
presume that the flow-distribution through thé baffle uniform. A serious deterioration in
performance may result for a heat exchanger when the-flow through the baffle is not
uniformly distributed.

The baffle pressure ‘drop is determined separately on each fluid side. It consists
of one or more of the follewing contributions, depending on the'éxchanger construction:
(1) frictional losses associated with fluid flow overdie heat transfer‘surface (this usually
consists of skin friction plus forin drag); (2) momentum' effect (pressure.drop or rise due
to the fluid density changer in the baffle), (3) pressure drop associated with sudden
contraction and expansion at the baffle inlet and outlet, and (4) gravity effect due to the
change in elevation between the inlet and outlet of the exchanger. The gravity effect is
generally negligible for gases. For vertical liquid flow through the exchanger, the

pressure drop or rise due to the elevation change is given by
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L
Ap = + PnEZ (3.5)
8.
Where the “ + " sign denotes vertical up flow (i.e., pressure drop), the “ - " sign

denotes vertical down flow (i.e., pressure rise or recovery), g is gravitational
acceleration, L is the exchanger length, and p,is the mean fluid mass density
calculated at bulk temperature and means pressure between the two points where the

pressure drop is to be determined.

3.4 Assumptions for pressure drop analysis

The following are the major assu;wrptions made for the pressure drop analysis
presented

1. Fluid flow is isothermal/steady ﬂovgr and fluid properties are independent time.

2. Fluid density is anly dependép‘t oi’t;he local temperature which is treated as a
constant value (inlet apd outlet are "gifférent density).

3. The point pressure at in the: fluid i;s_d.',__dicgaction independent. If a shear stress is
present, the pressure is defined as ﬂ:é‘a_verage of normal stresses at that point.

4. Body forces are only céﬁséd by g@mﬁ; (i.e, magnetic, electrical, and other
fields do not contributé to the body f‘(i}’rfc':'"e-‘s'}.‘

5. Ifthe flow is hoﬁr'rtation,—theﬁemomt'requaﬁan is va[id only along a streamline.

6. There are nc; energy sources or sinks along :a streamline; flow stream
mechanical eneligy dissipation is idealized as zerc;.

7. The friction factor is considered as a ¢onstant with passage flow length.

3.5 Quasi-sieady theory-for power density

For oscillatory flows it has been a common practice to assume "quasi-steady"
behavior (Jealous and Johnson, 1955). This model assumes that the frictional pressure
drop in a time-periodic flow at a certain instantaneous velocity. It is assumed to be
identical to the pressure drop that would be obtained at a steady velocity of the same
magnitude of the instantaneous velocity. The maximum frictional pressure drop is
obtained according to the standard pressure drop relation across an orifice (at high

Reynolds numbers), i.e.:
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np(x,0)>(1/S* -1)

3.6
" (36)

Apﬁz:

Where n is the number of baffles and C, orifice coefficient (usually assumed to

be 0.6). The power density for quasi-steady flow is given by:

(3.7)
3.6 Oscillation Flow /
The process for mere’ effici ub: tance during 2 types of fluid.
While substance is mixe heat transference. Start from

1940 - 1950 (Ni et al. e on substance from Plate or

,\ o

packed column in massivaly, :&' - cy on extract, there is move
investigation on increasing effi eng{@) » tlon i’t hich have 2 type as the figures
3.1A and 3.1B. '

1. Pulsing the conten make oscillation in column by using

pump in-out during ‘ r-,-ilﬂnlmi-; :‘
2. Reciprocating” e baffled plate in column up and

down. The result is to mat;g fluid between baffled plates shaking.

ﬂ‘lJEJ’J“fIEJﬂ‘ﬁWEJ’]ﬂ‘i
QW']&NT]?EU UA1AINYAY
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Reciprocating
I drive motor

113
-—| , .
----- Fixed plates 1] Reciprocating
e ..l.. | plate stack
""" Pulsing unit
v e t »nle e
LI F"
M!eg
(a) \ (b)

Figures 3.1 Type of oscillation flow

(a) Pulsing the contents of the column. (b) Reciprocating plate column (RPC).
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The fluid flowing of baffle type use by mixed more fluid to gain more transfer

effectively between heat and mass. As the figures 3.3

Figures 3.2 Oscillation flow
' £ p
¥ ol

(c) No-baffle (d) ar@(@f Have baffle.

tol
| o el

3.7 Technical Overview

The knowledgé‘ can be adapt on I-_I-éét tfansfer, Plug flow, Mass transfer, Solid
suspension, Polymerization, Crystallization, Hydrogenatian The Oscillatory Flow is cause
of mass transfer and heat transfer get moré.good condition and made fluid still be in
column, which suit for lamina flow or_slowly flow. In ¢ase of turbulent while mixing of fluid
in more effective, use on Reciprocating plate column, (RPC) is mostgpopular than Pulsing

the contents of the column because can.use wide amplitude.

3.8 Parameter of flowing fluid related in term of dimensionless

Reciprocating plate column (RPC) have many factors composed (Mackley and
Stonestreet, 1995) by the oscillation fluids, which have equation of dimensionless. The
Oscillation of dimensionless consist of amplitude and frequency is Re, (Oscillatory

Reynolds number) or Peak Reynolds number as follow equation 3.1
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L (3.8)

o

v

by x, = Amplitude from Centre-to-peak

f = Frequency of oscillation

D = Diameter

v = Kinematics viscosity

Net flow Reynolds num S,) Iw as the equation. 3.9

(3.9)

(3.10)

3.9 Relation of dimensigless
The characteristicofsheat exchangerion oscillatory double pipe heat exchanger

which have mﬂaua&lr’g o Biie)ablboieloipd, Bk aliréntin inner doubte pipe as

the baffle arrange in the baffle layer for shake and the baffle charac@stlc as follow.

RINNTUNRIING1A Y



Inner pipe Dimensionles

a = Ratio between in

__ AugIngiiinens
AR IUY AP

Outer pipe Dimensionless as follow

Re, = Cool flow Reynolds Number

18

(3.11)

(3.12)

(3.13)

(3.14)
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ARY

Re, = : (3.15)
H,

3.10 Pressure drop presentation

For most heat exchanger surfaces, the baffle pressure drop for a given heat
transfer surface is determined experimentally (using a ‘small size' heat exchanger) as a
function of the fluid flow rate. Details on the experimental method are presented in
thesis. These data may then be used for the ﬂ__es’i’gn and analysis of heat exchanger of

different physical size, operating at different- *tér?]peratures and/or pressures, and
o
operating with different fluids cempared to those.for the test exchanger, but using the

same heat transfer surfa;e.:ﬂ/'é}ce, we n6\ed to presentihe test exchanger baffle Ap vs.

m result in a universal 0 that they Can be used for operation conditions, physical
sizes, and fluids beyondﬁ(bfqr the test exchanger
If the detail on ge (,SUCh as trse hydraulic diameter D, , minimum free flow

area A,, etc.) of the heat & changer s*urfadé'als' known, the best approach is to present

4

the baffle pressure drop versys ma‘se row ra{'@?sults in nondimensional form, such as
an fvs. Re curve. If the detail ongeometré&fc;rmatlon is not available, the measured

baffle Ap vs. m result are presented in dlmensmnal form Both approaches are

-
. il

presented next. Yy ¢

| "

3.11 Nondimensional presentation of pressure drop data
The baffle pressure drop in a dimensionless ferm generally presented in two
alternative forms, in terms of the pressure loss coefficient K or Euler number Eu and

the Fanning friction facter 7 defined by,

) 2
Ap=KZn _ gy Pin (3.16)
2g. 2g.
2
AL puy (3.17)

Dh 2gc



20

Thus, the Euler number is the same as the pressure loss coefficient K. If the
pressure loss coefficient K is constant along the flow length, such as in tube banks,
manifolds, bends, valves, and so on, as a result of turbulent flow, usually K or Eu is
used to present the pressure drop.

The Fanning friction factor generally represents primarily the frictional
component of the pressure drop and is used when the given heat transfer surface has
approximately the same frictional pressure drop per unit length along the flow direction.
Thus, use of the friction factor.allows pressure drop prediction of different flow lengths of
the heat exchanger surface=influid dynamics beeks; generally the Darcy friction factor
fp is used and is related to the Eahning friction facter / as

)
J 4 =4f=ﬁ5% (3.18)
)

A comparison of E@. (8.17) and (3;.-1'8)' indicates that one needs to know the
hydraulic diameter and flow. length-of the"éfxtzghanger surface if the pressure drop is
presented in terms of the friction factor. Ne?uch information is needed for Apto be

o el

presented in terms of 'K of Eu .
The fluid flow.rate is presented in dimensioniess form as the Reynolds number
defined as

~pu, D,  GD, _’hDh _PVDh
H H Agp Ay

Re (3.19)

The greatest advantage of the \nondimensional ‘presentation is for a given
Reynolds ‘number, geometrically similar surfaces (regardless of the physical size) have

the same friction factor with any fluid flowing through the surface. This means that when

converted into terms of fvs. Re, the experimental data (Ap vs. rh) can be used for
different operating conditions (temperature, pressure, etc.), different physical sizes

(different D, but geometrically similar surfaces), and different fluids from those used in

the test conditions. Also, such f vs. Re plots allow one to compare Apvs. m data taken
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on different surfaces with different fluids of operating conditions. So a heat exchanger

design with minimum flow resistance can be selected for a given application.

3.12 Dimensional presentation of pressure drop data
In industry, it is @ common practice to present the pressure drop data in a

dimensional form for specified heat exchanger surfaces, since no geometry information

is required for such a presentatlo e ults are presented in different forms by
different industries, such a or Apvs.G. To correct for an
operating/design temperﬁr—vg:g dﬂ‘ere e test temperature, a density

correction is usually applie
standard density. Howev

matching the friction fac

conditions for Ap vs. m,
for the different industries

factors. For example, the sta Adlifi ir for some industrial heat exchangers

ey -I
could be | atm pressure and 20%’.‘1@ F) t@ture

_--d""'.-"'l'“‘-"f’férl
To obtain a s}ﬂndard ﬂow rate (f;l termS

ﬂﬂﬂ’ﬂ%ﬂﬁ"ﬁ‘fﬂ%

(3.21)

Since m = Vp , we get the following relationship between Vi and Vo using

Eq.(3.21)
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Vi =V g Lact B (3.22)
pstd luact

Since G= m / A, we get from Eq. (3.21),

Gy =G, 2 (3.23)

2
g D
t (3.24)
4L
Now let us match the sta ctors for a given geometry using Eq
(3.21)
dpstd = Apm;tpacl (325)
act
.E';
Thus

A 'UEJ’J ﬂﬂﬂ‘ﬂ’ﬁﬂ}lﬂi o

sursn B N DFRUAIIN LA Y

2
Apsrd Apact (:um{ J (327)
pstd ﬂact

This is the most general relationship between Ap_, and Ap,, that requires both density

and viscosity correction, and should be used in all cases.
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However, in industry the viscosity correction in Eq. 3.27 is usually neglected and
only the density correction is applied. It can be rationalized as follows. When the friction
factor is constant (independent of the Reynolds number for turbulent flow) as in a rough
pipe or when f is not strongly variable for turbulent flow in a smooth pipe, we do not

need to math Re ,and Re,, as in done Eqg. 3.20. Hence, in this case,

act

mact (3.28)

N\ ’i
And Eq. (3.26) simplifies to§ _,_4

(3.29)
In most situation ther’ or-net £ is t is not known a priori, and
therefore Eq. (3.27) is re ' f orh. e Ap o Ap 4 and Eq. (3.17),
(3.18), and (3.19) for corre spectively, for a plotof Ap vs. m, V
or G at standard conditions
3.13 Pressure drop d3endence on’ g’c’nm’e
Pressure dro' s dependent on some fluid

properties and geomeﬁiéé € fr@ional pressure drop is the

dominating contribution E? the baffle pressure drop, we use that item only for the

analysis. Substﬂ % %%Lﬂ%ﬁj%tﬁd Qﬂﬁraullc diameter, we get

the expression f&|Apfrom Eq. (3.3) a?

quﬁ aﬂlﬂj;éu URIINYIAY
L —D_j[Z cﬁ y fRe)} For lammarﬂow (3.30a)
g _<_1_|:0.046 102 (4L)?* m”‘:l For turbulent flow (3.30b)
LD: 2gc p A
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Thus the pressure drop is proportional to D;3 (for constant m, L, A, and fluid

properties). For a circular tube, since A = TUD, L, Apof Eq. (3.30) is proportional to

D;*and D;** in laminar and turbulent flows respectively. Hence, based on Eq. (3.30),

1: 'l/ For laminar flow (3.31a)
. //ﬁ turbulent flow (3.31b)

Reviewing Eq. (3

constant, and Ap is pro o1 .~ for laminar and turbulent flow respectively

properties constant. N | : A is then not an independent variable

since A= (4 A4,L)/ D,

For laminar flow (3.32a)
)
bulent flow (3.32b)

NENINYINT

_,/1 ‘

SNAMINEIRY o

Thus, Apis dependent on p and L as shown, but is not directly dependent on

L=

c,andk.
Finally, the dependence of the pressure drop on the surface geometry is given

as follows from the second equality of Eq. (3.3):
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Apa (334)

4;D,

For a specified fluid and mass flow rate. Since the friction factors and Colburn
factors (or Nu) for enhanced heat transfer surfaces are higher than those for a plain
surface, both heat transfer rate and pressure drop for an enhanced surface will be
higher than those for a plain surface fon a given fluid mass flow rate m and the same
hear exchanger dimensions. However, it is possible to maintain high-hear-transfer
performance with the same.pressure c_l;op (particularly in laminar flows) by properly
choosing the heat exchanger dimens}ons and surface geometry. However, if the
exchanger frontal area_cannotsbe Chang§d, one will end up with a larger pressure drop
with enhanced surface gompared o that lfoc_the plain surface for a given fluid flow rate.

In that case (i.e., for a fixed frontal'area), é,plain underhanded surface will have a lower

pressure drop but longer EXChan‘gé:r flow lénéth (and hence larger volume and mass of

the exchanger) to meet the hear transfer reqﬁirement specified.

i ;f' '3
ald o [

o I
S ad
o

3.14 Suitable function analyses —

The built relation of equation for explains the. data. In case, equations have

unknown more than two Suppose to use static calculanon%"]?he method is Least Square
Method as the follow. :

The data from iéxperiment (x,y,) and, calculate ’value from building equation
G(x,).The differ value is y--G(x). When finding different point of every point, the square so
the value is plus.“The summary of different 2 power of value of y, (From experiment) and

G(x,) (frem building equation) Call 'the sum ‘squareofi the residlals (,SSE ).

SSE=3(3,-G(x))’ (3.35)

i=1

If mathematically model evaluation was made in suitable SSE, which should be at least.

When yi experiment value deduct from experiment data average (¥), the result

different between yi and ; is call The sum of the square of the regression (SSR)



26

SSR=(3, - ) (3.36)

i=1

R? is show data and mathematically model equation is suitable and be

accordance together or not by starch from the formula below

(3.37)
R? will be at 0 to 1 if v ccumulate ion is same, which R? is
near 1. The graph will be ith data. However, generally R*

would be than 0.9.

AULINENINYINT
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CHAPTER IV
MATERIAL & METHODS
The experiment of heat exchanging oscillatory baffles heat exchanger in which

study on affected of oscillation and alert. To reduce the thickness of heat resistance film,

by phrasing orifice baffled installation and move up and down. There are tools and

experimental as;

4.1 Instrument

The instrument in | ist of material and experiment

tools

4.1.1 Material
5.1.1.1 Paraffin iINO-15, Grad A line fluid.

4.1.2.1 Heat Excha

ST IR
Composes of double pipe; Siz insid ameter pe is 82 mm. and thickness
around 3 mm., Size“effoutside-dian is-125-mm.and length 150 cm. including
v ¥
with stainless steel pipg to ¢ 1C p@e and temperature indicator

attached at input and output of line as f|gures 41

ﬂ‘lJEJ’JVIEJ'ﬂ‘ﬁWEJ’]ﬂ‘i
QW’]@NﬂiﬂJ UA1AINYAY
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— il

Figures 4 Heal kxé;nanger machine
4.1.2.2 Control and 'rec;,eivizng:éystem:";;__ ‘

Link the receiver fronTAHe_'}a;t exohangefrs-'i}ij;g computer and automatically record in

every 10 seconds. In stable condition, gei_;Tthsgd_igital record in excel file which will

analyze into next step. =

Figures 4.2 Temperature controller and signal receiver
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4.1.2.3 Heat providing system
Using paraffin oil as hot line fluid in boilers tank and using heater 40 kW. by heat
provider as figures 4.3. Temperature controlling by PID control at limited 80°C. which

input on heat exchanger by Rotary meter as the flowing indicator.

Figares 4.3 Heal

——

] —
Using water as c@ol line fluid which have Chiller ﬁﬁgures 4.4 as cool provider

and limited temperature aB’?,Q:C. To input by Rotary meter to heat exchanger as flowing

o £ UL INENTHENNS
AMIAIN TN INYAE
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Figutes 4.4 Chiller
) \ A
4.1.2.5 Type and @rranggmentof baffles

For four types of oiificg baffies as ﬁijhr’és 4.5, which have inner hole compared
i 7' ,:r {_
with diameter of pipe as 04, 0.5, 6.6 and_r_'e.;l. And have core for baffles taping in
) e —_.-.-__r.-_J;

difference phasing. Phasing beiWe:e”n baﬁlq?éompared with pipe diameter are 1, 1.5

and 2.5 as figures 4,61 bk "

Figures 4.5 Type of baffles
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Figures 4.6 The arrangement of baffles

4.2 Test method

This test method concerned about heat exchanger, which have the result as

4.2.1. Install baffle:sheeiinsice paffle are 0.4D,, 0.5D,/0.6D, and 0.7 and the
distance betweenbaifle'sheet aée 1D;, 1.5D;, 2Bjand 2.5D.

4.2.2. Adjust the temperature of hot Iiné'jIUid at 80 °C and cool line fluid at 20 °C.

4.2.3. Adjust flow ratio ot liné and cool Ii"ijé"-required.

4.2.4. Adjust frequency and amplitude dfl:_Eaﬁf!e’s vibration as required.

4.2.5. Wait until the temperature of fluid p_,e'_f(_:_a‘-_me steady-state and then record data.

4.2.6. After finished first test &ondition, cha-n_g;e test cendition and then do 4.2.1,

4.2.3 and 4.2.4 till target condition completed.



CHAPTER V

RESULTS AND DISCUSSION

5.1 Study of various parameters effected to pressure drop.

5.1.1 Experiment of various hot flow Reynolds number.
This experiment related with flowing condition at hot flow on ratio 4, 5, 6, 7, 8, 9,

10, 11,12, 13, 14 and 15 liters per

)old flow rate have stability value on 20 liters

per minute, oscillated amplitude _' // uency 1 Hz.. As the Figure 5.1 the
pressure is gradually increase on Reynolds &mo-mo and immediately decrease

—

on 700-1,000 which meaq eriment can be concluded that

the changing period is# gime. The pressure drop is

various by Reynolds

Pressure drop (Pa)

R R
SHRBRIPE ik ettty ki

Figure 5.1 Result of pressure drop various hot flow Reynolds number.

200
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5.1.2 Experiment of various oscillatory and no oscillatory

This experiment related with flowing condition at heat flow on ratio 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14 and15 liters per minute. Cold flow rate have stability value on 20 liters
per minute, oscillated amplitude at 0 and 1 cm. frequency 1 Hz.. As the Figure 5.2 the
pressure of oscillatory is gradually increase on Reynolds number 200-700 and
immediately decrease on 700-900 which mean the changing point. In addition, the
pressure of no oscillatory is gradually increase on Reynolds number 200-600 and
immediately decreases on 600-900 which mean.the changing point. When compare the
experiment between oscillatory and no_escillatory, the result is no oscillatory rapidly
pressure drop more than osgillaiery.. The result is no oscillatory rapidly decrease
pressure drop more than oseillatony because the oscillatory probably have some liquid
be trapped in the movemeat of baifled wpk;:h have to get speed up for changing the
fluid flow from laminarf€gime fo turbulent regime. In contrast, the oscillatory have to
gain more pressure begause there s so}ineF lost energy from surrounding; such as

baffled plate and pipe surface wihicf-:h madeF foid more attack with pipe surface and

i S
baffled plate. P il
11000 ' — y
T — ‘,‘—’7 o

10000 { . e
__ 90004 -
(L]
a,
S 8000 - ;
-c "
e
> 7000 -
(7]
9_) 1
n_ 1

6000 (

L] No Oscillatory ( Xo = 0 cm.)
5000 -
x Oscillatory( Xo = 1 cm.)
4000 . . ; . .
0 200 400 600 800 1000 1200

Hot flow Reynolds number (Reh),
d,=0.5D, cm, f=1Hz, S = 1.5D,, Fc = 20 I/min

Figure 5.2 Result of pressure drop between oscillatory and no oscillatory
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5.1.3 Experiment of various spacing per inside pipe diameter : S/D,

This experiment related with flowing condition at the ratio inside diameter of
baffle plate per diameter of pipe is 0.5, frequency 1 Hz., oscillated amplitude at 0.75 cm,
cold flow rate have stability value on 20 liters per minute related with flowing condition at
hot flow on ratio 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15 liters per minute. As the Figure

5.3a the pressure of oscillatory is gradually increase on Reynolds number 200-700 and

immediately decrease on 700-1,00 of flow change from lamina regime to

turbulent regime. As the flgur W% spacing per inside pipe diameter is

increasing (the number oimwte_;s dm the pressure drop decreasing

cause of the attacked a_ ing. d@lch is lost of energy. And the
4 e

/ D is|de aﬂeaﬁge drop less than other.

distain between baffle plate

11000 ~

10000

Pressure drop (mmHg)

Hot flow Reynolds number (Reh),

- m@fm SRATUEPIAL. . cone

=1 OD,, 1.5D,, 2.0D; and 2.5D; at d, = 0.5D,, x, = 0.75 cm, f = 1 Hz, Cool Flow = 20

I/min
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10000
9000 -
P —e——  4Umin
& 8000 BT bl T SR R e € e L R [ O vveoens 5 Umin
e ——-%-—— 6Umin
o —=A-—-= T Umin
7000 — -# —  8lmin
= ——0—— 9Umin
ﬁ ————  10Umin
o i —0——  11Umin
o 6000 ° 12 Umin
—e—— 13Umin
........ Q- 14 IUmin
5000 ——-v-—— 15Umin
4000 T

8 1.0 P 14 1.6 1.8 20 22 24 26

The ratierof'spacing per|inside diameter.;. S/D,
atd, = 0.5D,em, X4=0.75 cm, f= 1 Hz., Fec = 20 /min

Figure 5.3b. Results of pys’gﬁre drop varEy the ratio of spacing per inside pipe diameter.
S=1.0D, 1.5D, 2.0D, ayéjSDi at di-":-'O.éd;:xo =0.75¢cm, f =1 Hz, Cool Flow = 20 I/min
(R 4

5.1.4 Experiment of various inside baffle plate diameter per inside pipe diameter: d/D,
This experiment related With: flowingﬁdhdition at the ratio of spacing per inside

o 4

diameter of pipe is 1.5, freqﬂenx_}yﬂ. = el osoctf-rbéd amplitude at 0.25 cm, cold flow rate

have stability value on 20 Iiter_s_.ggr,-_minute _r?l_a{@ﬂ_ with flowing condition at hot flow on

ratio 4, 5, 6, 7, 8, 91_0 11, 12, 13, 14 and 15 liters per rﬂin.ute. As the Figure 5.4a the

pressure of oscillat.b‘f’;(‘ is gradually increase on Reyﬁ‘(ﬁds number 200-600 and
immediately decrease™on 600-800 because of flow change from lamina regime to
turbulent regimey As the figure-5:4b, thesratio ofi inside-baffle plate diameter per inside
pipe diameter increasing’), the pressure drop decreasing cause of the attacked area of
fluid flowing decreasing,which.is lost of energy.. And the inside diameter of baffle plate

per inside diametertube at do = 0.7D decrease pressure drop less than other.
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11000
10000 -
°
I
£
E
s
©
't
2
o
a 2
0 1000 1200
ync (Reh),
Hz, ¢ i. Fc =20 I/min
Figure 5.4a. Results of i ; N 3 ‘ﬂe atio of inside baffle plate diameter per
inside pipe diameter d, = 0.4L :Q.éﬂ:'_{l )yand 0./D,at S =1.5D, x,=0.25cm, f=1

Pressure drop (Pa)

The ratio inside diameter of baffie plate per diameter of pipe : dID
atf=1Hz, S =1.5D, Xo=0.25 cm, Fc = 20 I/min

Figure 5.4b. Results of pressure drop vary the ratio of inside baffle plate diameter per
inside pipe diameter d, = 0.4D,, 0.5D,, 0.6D, and 0.7D; at S = 1.5D,, x, = 0.25 cm, f = 1
Hz, Cool Flow = 20 I/min
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5.1.5 Experiment of various Amplitude; x,

This experiment related with flowing condition at the ratio inside diameter of
baffle plate per diameter of pipe is 0.5, distain between baffle plate per diameter of pipe
is 1.5, frequency 1 Hz., cold flow rate have stability value on 20 liters per minute related
with flowing condition at hot flow on ratio 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15 liters

per minute. As the Figure 5.5a the pressure of oscillatory is gradually increase on

Reynolds number 200-700 and i ecrease on 700-1,000 because of flow

change from lamina regime t the figure 5.5b, the increasing of

= \1 F
amplitude could made prm i mecause the lost of energy during

attacking of fluid flow i reasing. A %t 1.0 m is decrease pressure

less than other.

Pressure drop (mmHg)

i I.ﬂl ﬂﬂﬂﬂl'ﬂl gjﬂllﬂ
ﬂ’, AN TNy IN G- =

Hot gpw Reynolds number (Reh),

BT WS Tawtal by (1 LTI

atd,=0.5D, S =1.5D,, f =1 Hz, Cool Flow = 20 I/min
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11000
10000 + ‘
__ 9000 —=e—— 4Umin
R B 5=y S taions S - S I R O 5 Umin
= ——-y-—— 6Umin
g 8000 I 7 Umin
S ‘ — -#— 8Umin
e ‘ ——0—— 9Umin
@ 70007 ‘ ———— 10Umin
o | [ ] 11 Umin
o —&—— 12 min
6000 - T R O R Oueveens 13 Umin
.......... % g ———w-——  14Umin
5000
4000
0.0
Figure 5.5b. Results o =0.25, 0.50, 0.75 and 1.00 m.

i s }
——
is 1.5, oscillated amplitude 0.5 cm. col
,‘.;-';..{:_,‘i;r" L

minute related with f@}xing condition at ho

Al

and15 liters per minute. As the Fig
increase on Reynoldgnumber 200-6 ¢ |mmedi&|y decrease on 600-1,000

because of flow change from.lamina regimetto turbulent regime. As the figure 5.6b, the

increasing of frﬂuuﬂg %Lgl%llﬁ %ﬂ%&iw Because the lost of

energy during aqFltaoking of fluid flaw is increasing. And the frequency at 1 Hz. is

cecreaseloigieu baininonet | 4] V17 VI E) 18\ E

q
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10000
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9000 -
©
78
S 8000
°
o
2 7000
o
a

6000 -

5000 - : .

/ \: —
4000 - 1 T -
0 4 \\ﬁ" 1000 1200
oyl “ ber (Reh),
= 95D, »n“g;;' cm, S = . ¢ =20 l/min
Figure 5.6a. Results of pressure {fp‘ﬂ/g f 0.5,1.0,1.5and 2 Hz. at d,
= 0.5D4'S #1.8D,, Xo'=0:76 cm., Cool Flow = 20 I/min

-i‘iz: f::'- -

Pressure drop (Pa)

4 Umin

6 Vmin
7 Umin
8 l/min
9 V/min
10 Vmin
11 V/min
12 l/min
13 Umin
14 Umin

o/
Frequency : f
at d, =0.5D,, S =1.5D;, Xo =0.75 cm, Fc = 20 /min

Figure 5.6b. Results of pressure drop vary frequency (f) = 0.5, 1.0, 1.5 and 2 Hz. at d,

=0.5D,, § =1.5D,, X, = 0.75 cm., Cool Flow = 20 I/min
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5.2 Study of pressure drop equation.

The relationships between pressure drop of inner heat exchanger can be shown
as functions of oscillatory flow Reynolds number in rang of 0-2,000, hot flow Reynolds
number in range of 100-1,000, the ratio of inner hole diameter and tube diameter in
range of 0.4-0.7 and the ratio of the space between each baffles and tube diameter in

range of 1-2.5 are

200 < Reh < 600

(5.1)

700 < Reh < 1200

The standard, G 10,068 and 700<Reh<1200 is

0.912 which can makeﬂ prediction of equation nearly t@ truth as figure 5.7.

AUEINENINYINg
RINNIUUNIININY



6,000 -

Pressure drop (Pa) of Predicted

Figure 5.7 Resulits of pn ) of experi ent compare predicted.
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CHAPTER VI

CONCLUSION AND RECOMMENDATION

From the experiment, pressure is immediately decrease at Reynolds number of
hot flow around 600-700 due to changing of Lamina regime to Turbulence regime.
Moving of baffle plates in the heat exchanger is a cause of turbulence flow at the lower
Reynolds number. The variables have éffected to the pressure drop such as the ratio of
the hole in the baffled plate, the ratio of distancge between the baffled plate, hot flow,

frequency and amplitude. 2

As the result of experiment, the i‘rlwcreasing ratio of distance between the baffled
plates per inside pipe diameter tube andl],'ratio of the hele.in the baffled plate per inside
pipe diameter could make pressufé drc.zp decreasing cause of lost energy in fluid
flowing. Because the attacked area whicrﬁis‘—'the loss of energy is less. The increasing
amplitude and frequency is inCreasi'ng CC;CUd imake pressure drop increasing. That is
from the increasing of fluid ﬂowmg attacked:_.wmch could lose the energy in. And the
ratio of distance between the bafﬂed platesmf r'hSlde pipe diameter tube is 2. The ratio

of the hole in the baffled platé per “nside pf’pe‘dlameter is.0.7. Amplitude is 0.5 cm..
Frequency is 1 Hz.. Tﬁ‘ése—parameteraregaverthﬁeastpféséure drop.

The relationships between pressure drop of inner-heat exchanger can be shown
as functions of .escillatory flow .Reynalds.number,in.rang of 0-2,000, hot flow Reynolds
number in range of 100-1,000, the-ratio’of“inner hele diameter and tube diameter in
range of 0.4-0,7, the ratio of the space between each baffles and tube diameter in range

of 1-2.5, frequency'isi0.5 to 2 Hertz'and'amplitude 0:25 to 1.centimeter.are

200 < Reh <600

Ap _1.19066x10"[Reo]""*"™*
%pvz [RC h]1.62023

and
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700 < Reh < 1200

Ap  0.15039x10"°[Reo]"'™

1 ov? N [Re h]‘-“m[a]o‘smz[ e

, respectively.

[}
¢
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APPENDIX A

HEAT EXCHANGER

Al Ydia
es A-1 The arrangement of baffles
b bl

—

Figures A-2 Baffles

48



Figures A-3 The different type of baffles

Figures A-4 Cooling Tower
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Figures A-6 Rotary meter
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Figures A-8 Data Loggor
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Figures: A-9 Heater

Figures A-10 Heater box



Figures A-12 Pressure transducer
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Figures'A-13 Heat exchanger

Figures A-14 Moter
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APPENDIX B

EXAMPLE CALCULATE

As experiment first in Appendix D

When S is dlstanc‘:‘e between baffle plate

o (UEANENTNEINS
qmmnituumfmmaa

® Frequency
f=0Hz

Hot flow rate
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F, =4 1/min

Cool flow rate

F, =51/min

Result of experiment

As experiment 200 (Appendix.D) that sh l@e (°C) flowing .

Calculate.

Average temp ture of hot flow.

ﬂUEJ’J‘IﬂEm?ﬂgL’Iﬂﬁ
Qﬁ']ﬁﬂﬂ‘ifumﬂﬂﬂma&l

Average temperature of cool flow.

c,av

T.+T
=22 =237
2



lcul f dimensionless.

At hot flow @ 63.95 °C

The property of paraffin oil as below

Cp, =2.1466(kJ/kg-°C)

v, =54324505x10*(m¥fs)

ﬂummmwmm{m

hen v. =
A(m?) ¢ |10001| | 60s |

ARAINTUININGIAY

ill: /i mber

Reosc = pi2ﬂ.fkaDi =0

o7
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From the first experiment f =0(Hz), .. Re, =0

At cool flow @ 23.7 °C

r f water below

Cp, = 4.1779(kl/kg -°C)

v, =9.7973x107 (m"/s)

=996.805( y |
=0.61(W/m-

M, =9.766x10:

| flow Reynol

flu m%ﬁ%’wﬁﬁﬂﬁ
e = é( ;n %‘ B &Iiﬂ&]g yjms—'o 00659(m?)




APPENDIX C

PROPERTY
1. Ch ristic of h xchan
Inside diameter (inner pipe)
D, = 0.082 m

Outside diameter (inner pipe)

Long

A = xD? 0.00527
4

Cross-section area outsud‘e diameter (cool ﬂow

. oflld?)) m;gmwmm
wABIANTAUNMINIEY

& = nD,L = 03210 m’
Wall area outside pipe
A, = zD,L = 03336 m

Volume inside pipe (hot flow)



nD’L
4

2

v, = = 0.0065875 m

Volume outside pipe (cool flow)

2_pn2
e = z(D, 4D° L~ 0008243 m?

Frequency

X = 0-0.01
Spacing/Inner Diamet

SD, = 1-25

AULINENTNEINS
PRI TUAMINYAE
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2. physical property of heat exchanger solute (hot flow)

Paraffin oil or white oil

Temperature inlet

T, = 80 °C

h,in

Temperature outlet

i

H = 3.5-3% E‘- b

Density ( 20 - 100 °C)
'F

P = 51 814 kg/m

Heat capaciy wm NENINYINT
v amaﬁgﬁ’ﬁ'muﬁ%ﬂmaa

Thermal gonductlwty (20 - 100 °C)

=
Il

0.136 -0.131 W/m-K

61
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TableC-1 Characteristic of paraffin oil when temperature changes

Thermal
Temperature Viscosity Density Heat Capacity Conteivy
BTU/Ib- BTU/ft-
oF °C cP | I3 | kg/m3 kd/kg-K Wim-K
oF hr-oF
50 | 100 | 75697 | 5355 | 857.81 | 0.467 | 1.956 | 0.0791 | 0.1369
60 | 156 | 50182 | 5333 |@854.41 | 0472 | 1975 | 0.0788 | 0.1364
65 | 183 | 41.886 | 53.28 852.‘;4,4?,0.474 1.985 | 0.0787 | 0.1362
70 | 211 | 35431 {6313 | 851120477 | 1.994 | 00785 | 0.1359
80 | 267 | 26.19%.62.92, | 847.72 | “048in| 2013 | 0.0783 | 0.1355
90 322 | 200567 B0 84442 | 0,486 2033 | 0.078 | 0.135
100 | 378 | 15 'f*'gz.@o:s 841,03 { 0490 |, 2.051 | 0.0778 | 0.1347
10 | 433 | 1208 ‘gizfz;é __'83%63 0497 | 2.078 | 0.0775 | 0.1342
120 | 489 | 97344 -é%*gé' 1834583 | 0501 | 2.007 | 0.0773 | 0.1338
130 54.4 7.973 y ?‘T 87 830@' 0,506 | 2.116 | 0.077 | 0.1333
¥ PR £

140 | 600 | 6625 |f51.06 | 827.64 4 0610 | 2134 | 00768 | 0.1329
150 | 656 | 5574 | 51441 82444 £, 0515 | 2153 | 0.0765 | 0.1324
160 | 711 | 47420 | 61.24 | 820,84 | 0519M[(2.172 | 0.0762 | 0.1320
170 | 767 | 4672 | 5108 | 817.44 | 0824 |-2.191 | 0.076 | 0.1315
180 | 822 | 3536 | 50.81 | 814.05 | 0528 2210 | 0.0757 | 01311
190 | 87.8 [, 3.0777 {50.60. | 810.65'|, 0533.. [ 2220 | 0.0755 | 0.1306
200 | 933 I|| 2708  [50.30"] 0795 | olss7 || 2247 | 0.0752 | 0.1302
210 | 989 | 2432 | 5018 {80395 [ 0542 | 2266 4400749 | 0.1297
220 | ‘1044l || 2194 ||l 40.97/¢] 80056 | 0546 ||L-2.2850| 0.0747 | 0.1293
230 | 1100 | 1.983 | 4976 | 797.16 | 0551 | 2.304 | 0.0744 | 0.1288
240 | 1156 | 1.801 | 4955 | 793.76 | 0555 | 2.323 | 0.0742 | 0.1284
250 | 1211 | 1.642 | 4934 | 790.47 | 0560 | 2342 | 0.0739 | 0.1279
260 | 1267 | 1.503 | 49.13 | 787.07 | 0564 | 236 | 0.0736 | 0.1275
270 | 1322 | 1.382 | 49.02 | 785.37 | 0569 | 2.379 | 0.0734 | 0.1270
280 | 137.8 | 1.270 | 4871 | 780.27 | 0573 | 2.398 | 0.0731 | 0.1266
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200 | 1433 | 1172 | 4849 | 77688 | 0578 | 2417 | 0.0729 | 0.1261
300 | 1489 | 1085 | 4820 | 77358 | 0582 | 2436 | 0.0726 | 0.1257
310 | 1544 | 1010 | 4808 | 77018 | 0587 | 2455 | 0.0723 | 0.1252
320 | 1600 | 0945 | 47.86 | 76678 | 0591 | 2.473 | 0.0721 | 0.1248
330 | 1656 | 0885 | 47.65 | 76339 | 0596 | 2.492 | 0.0718 | 0.1243
340 | 1711 | 0832 | 47.45 | 76009 | 0600 | 2511 | 0.0716 | 0.1239
350 | 1767 2530 | 00713 | 0.1234
360 | 1822 2549 | 0.0710 | 0.1230
370 | 187.8 2568 | 0.0708 | 0.1225
380 | 193.3 2586 | 0.0705 | 0.1221
390 | 198.9 2605 | 0.0703 | 0.1216
400 | 204.4 2624 | 00700 | 0.1212
410 | 2100 2643 | 0.0697 | 0.1207
420 | 2156 3, 2662 | 0.0695 | 0.1203
430 | 2211 | 0507 f:ssél 72__9??:1*4 0641 | 2681 | 0.0692 | 0.1198
440 | 2267 | 0483 [fa53% | 72632 0845 | 2699 | 0.0690 | 0.1194
450 | 2322 | 0460 | 4503 | 72 fz_o.eso 2.718 | 0.0687 | 0.1189
a0 | 2378 | 049 4491 | 711952 0,654, |(2.737 | 0.0684 | 0.1185
a0 | 2433 | 0420 | 4471 | 71628 0659 [ .2.756 | 0.0682 | 0.1180
480 | 2489 | 0402 | 4450 | 712.83 | 0.663.) 2.775 | 0.0679 | 0.1176




3. Physical property of heat exchanger solute (cool flow)

Water

Temperature inlet

T = 20 k&

h,in

Temperature outlet

- = 20-40

/[ =

Density (0 - 60 °C)

i

P = 1,000 980 kg/m’

Heatcapaciw@umwﬂmw BIN3
e ammnwwwwmaa

Thermal Conductlwty (0-60°C)

k = 0.566 — 0.660 W/m-K



TableC-2 Characteristic of paraffin oil when temperature changes

Temperature Viscosity Density i L s
Capacity Conductivity
OF °C Kg/m-s kg/m3 kd/kg-C W/im-K
32 0 0.001790 999.8 4.225 0.566
40 | 44 0.001550 999.8 4.208 0.575
50 | 100 | 0001310 999.2 4195 0.585
L
60 | 155 | 0.001120 993}5_’% : 4.186 0.595
70 | 211 | 0000980 887 A 4. 179 0.604
80 | 266 | 0000860 0958 4179 0.614
90 | 322 | 000078 )/ Soa9 4474 0.623
100 | 377 Mbrojz/ A g'?jo 4774 0.630
110 | 433 gﬂy@“;'r -~ 9906 4474 0.637
120 | 488 | 000052 ) | < 9888 4474 0.644
130 | 544 | oo0ogbig #[* 0887 | 4170 0649
140 | 60.0 o.ooogi? f 98§%h 4179 0.654
150 | 655 | 0.000430. - 980%{1 4.183 0.659
160 | 711 | (29000401 977.3 4186 0.665
170 | 766 | “0.000372 973.7 4194/ 0.668
180 | 822 | 0.000347 970.2 4.195 0.673
190 | 87.7..|. 0000827 9667 4,199, 0.675
200 | 93.3 ||+ 0leood06 96312 4204 | 0.678
220 | 1044 | _ 0,000267 955.1 4216 0,684
240 | 115.6 |6 0:000244 946.7 4.29 0.685
260 | 1267 | 0.000219 937.2 4.250 0.685
280 | 137.8 | 0.000198 928.1 4.271 0.685
300 | 1489 | 0.000186 918.0 4.296 0.684
350 | 1767 | 0.000157 890.4 4.371 0.677
400 | 2044 | 0.000136 859.4 4.467 0.665
450 | 2322 | 0.000120 825.7 4.585 0.646
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APPENDIX D

RESULT
The result parameter effect pressure in heat exchanger machine

Table D-1 The pressure drop at different Reynolds number: Vary the ratio of spacing per

inside pipe diameter. (S/D) = 1.0, d, = 0.5D,, x, = 0.75 cm, f = 1 Hz, Cool Flow = 20 I/min

Pressure’ &“\ . : " Reynolds Number
Experiment e Py
1 ot flow (Re,)
ol | (Re,)
1 3460 ;a " 226773 2205.902
2 6 Ak 303.042 2217.956
3 8 A 378.730 2198.680
4 6 . 447.817 2196.275
5 9 >y 511.791 2193.871
6 908 580.174 2181.863
7 644.633 2189.065
8 96— 1~5708.139 2191.467
9 @ 89.860 2208.311
10 000 992.973  865.389 2193.871
11 ﬂ - oo 10 2208.311
# i A
) uzmgm 2INAY
QU 6500 1013.541 1019, 209 2232.449
=
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Table D-2 The pressure drop at different Reynolds number: Vary the ratio of spacing

per inside pipe diameter. (S/D) = 1.5, d, = 0.5D, x, = 0.75 cm, f = 1 Hz, Cool Flow = 20

I/min
Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

2 Pascal (Pa) Hot flow (Re,)

(Re,,) (Re,)
1 8490 699.113 187.472 2143.142
2 8580 261.894 2157.927
3 328.620 2180.904
4 392.633 2208.311
5 454.984 2211.203
6 522.778 2201.568
f4 88.797 2222.784
8 552.521 2174.671
9 723.062 2217.956
10 794.066 2234.868
1 850.173 2220.370
12 893.292 2246.970
il

AUEINENTNYINS
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Table D-3 The pressure drop at different Reynolds number: Vary the ratio of spacing

per inside pipe diameter (S/D,) = 2.0, d, = 0.5D,, x, = 0.75 cm, f = 1 Hz, Cool Flow = 20

I/min
Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

3 Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)

1 186.501 2181.863
2 258.568 2182.343
3 323.430 2180.424
4 417 381.717 2202.049
5 824,156 442.009 2179.945
6 ‘86 AL 0. | 503415 2181.384
7 ME ¥ 3& 66.485 2198.199
8 4--8B4.407 630.069 2216.509
9 8460 ' 7k~ 885082 687.891 2178.985
10 5200F JiaEid< A 754.678 2184.743
11 5500 A=)+ 816.257 2177.547
12 #1;1 360 | 282 2215.544

el

i
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Table D-4 The pressure drop at different Reynolds number: Vary the ratio of spacing

per inside pipe diameter (S/D,)) = 2.5, d, = 0.5D, x, = 0.75 cm, f = 1 Hz, Cool Flow = 20

I/min
Extaet Pressure drop Reynolds Number
4 Pascal (Pa) gl Hot flow (Re,) b T
(Re,,) (Re,)
1 8880 [\ | 37,342 224.539 2165.096
2 8980~ | 6d00es 298.347 2165.096
3 020mm | @ 9164 368.632 2198.680
4 911,135 | 427.574 2196.275
5 493.419 2225.199
6 " 564.828 2186.663
7 628,795 2189.065
8 - 701.027 2220.370
9 792.841 2251.817
10 854.069 2246.970
11 @ 36- 918,031 2222.784
12 i .984__{—065.464 2254.241

i
AUEINENINYINg
AMIAIN TN INYAE
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Table D-5 The pressure drop at different Reynolds number: Vary the ratio of inside
baffle plate diameter per inside pipe diameter (d/D,) = 0.4, S = 1.5D,, x, = 0.75 cm, f = 1

Hz, Cool Flow = 20 I/min

Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

5 Pascal (Pa) Hot flow (Re,)

(Re,,) (Re,)

1 8680 161.032 2191.467
2 8860 231.272 2179.465
3 9000 | 235 e 284.260 2210.721
4 9!!?—-( 7 341735 2205.902
5 4 ‘ | 392120 2234.868
6 6 4. 241287 § 436.745 2246.97
7 2| (248837 500.054 2254.241
8 4282142, || ) 557.815 2232.449
9 6 | hRA280133 | 603.677 2193.871
10 650 a!u-i’ _ 679.297 2239.706
11 6800 ,.---x-*‘ﬂ'{g;-i. 749.277 2217.956
12 \ois 2798.009 2054.241

ﬂ‘lJEJ’WlEJWﬁWEJ’]ﬂ‘ﬁ
’QW’]ﬂ\ﬂﬂim URIAINYA Y



Table D-6 The pressure drop at different Reynolds number: Vary the ratio of inside

baffle plate diameter per inside pipe diameter (d/D,) =

Hz, Cool Flow = 20 I/min

71

05, S=15D,x0=0.75¢cm, f=1

Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

6 Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)
1 8060 y 240612 193.566 2143.142
2 8320 2624, 263.889 2157.927
3 8 ’7'7—7 -427 - 370 e 329.275 2180.904
4 | 379.143 2208.311
5 439.033 2211.203
6 03.416 2201.568
7 69.856 2222.784
8 631.065 2174.671
9 696.626 2217.956
10 5200 , 771.463 2234.868
11 5300 —-—:f::ﬁaj’-; 825.935 2220.37
::l £

12 e 2246.97

ﬂuEJ’W]EJ‘V]‘E‘WEﬂﬂﬁ
amaﬂﬂmwnwmaﬂ
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Table D-7 The pressure drop at different Reynolds number: Vary the ratio of inside
baffle plate diameter per inside pipe diameter (d/D,) = 0.6, S = 1.5D, x, = 0.75cm, f = 1
Hz, Cool Flow = 20 I/min

Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

7 Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)
1 8620 80 176.727 2131.727
2 8800 ' 248.531 2174.671
3 8 @27 330.849 2210.721
4 7.459 390.615 2217.956
5 89 279.6 449.970 2210.721
6 0 2| 20149 | 527.63 2191.467
+= i
7 0 5 | Rome 1596529 2239.706
8 0 A de0.771 | e65.397 2201087
9 51 is0ee72 |\ |1 740.128 2198.68
10 538 a'!izs;»i;i--}if 7 801.806 2222.784
A

11 5460, i 887.103 2227.615
12 ¥ xS 2.292 2251.817

i

AUEINENINYINg
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Table D-8 The pressure drop at different Reynolds number: Vary the ratio of inside
baffle plate diameter per inside pipe diameter (d/D) = 0.7, S = 1.5D, x, = 0.75 cm, f = 1
Hz, Cool Flow = 20 I/min

Pressure drop Reynolds Number
Experiment
Oscillatory Cool flow
8 Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)
1 8440 | 933 191.411 2143.618
2 o [(Ehber 234.997 2169.882
3 9 252647 e 304.872 2186.663
4 60334 | 366.506 2208.311
5 ~ 418.029 2213.132
6 1 479.761 2210.721
7 J \§529.888 2217.956
8 585.207 2165.096
9 647.376 2215.544
10 716.840 2225.199
11 778.136 2179.465
,‘l = : E.
12 ‘1:1 342848 720 2230.032
i -

il
AUEINENINYINg
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Table D-9 The pressure drop at different Reynolds number: Vary amplitude (x,) =0

cm, d/D,=0.5, S =1.5D, f=1 Hz, Cool Flow = 20 I/min

74

Eigariiont Pressure drop Reynolds Number
9 Pascal (Pa) ooty Hot flow (Re,) B
(Re,,) (Re,)
1 8560 0 193.334 2166.053
2 8600 260.434 2145.523
3 321.631 2177.547
4 380.125 2203.494
5 446.948 2181.863
6 1504.614 2210.721
T 577.328 2217.956
8 " 628.826 2193.871
9 698.273 2221.335
10 757.058 2187.624
11 825.287 2188.104
12 894.342 2182.823

N | ¢ _n - v
ARIANNTUNNTINEIAE



Table D-10 The pressure drop at different Reynolds number: Vary amplitude (x,) =

0.25 cm, di/D, = 0.5, S =1.5D, f =1 Hz, Cool Flow = 20 I/min

Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

10 Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)
1 8620 240.612 193.566 2145.047
2 8660 \ 262,421 263.888 2196.275
3 8730 \li%“ 'i’ 320.274 2156.972
e >

4 8820 y_i 267 O 379.143 2194.832
5 - 439.033 2209.275
6 503.415 2199.162
7 569.856 2200.605
8 631.065 2179.945
9 696.626 2215.544
10 771.463 2177.068
11 825.935 2198.68
12 889.104 2235.835

0

ﬂ‘UEJ’W]EJ‘ﬂ‘EWEﬂﬂ‘ﬁ
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Table D-11 The pressure drop at different Reynolds number: Vary amplitude (x,) =

0.50 cm, d/D, = 0.5, S =1.5D,, f = 1 Hz, Cool Flow = 20 I/min

Overall heat transfer
. Reynolds Number
Experiment coefficient
11 Oscillatory Cool flow
Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)
1 8400 , , 189.962 2175.150
2 8440 + | 6 261.790 2150.290
a . 4 } —
3 8 324.721 2177.068
4 i et 384.154 2176.588
5 | 440.256 2161.271
6 ,_*.'i 503.016 2181.863
7 4 569.405 2212.167
8 \ 640.336 2210.721
9 83 702.405 2228.582
10 5240 J; 761.837 2187.143
11 833.087 2236.319
12 6.443 2229.065

AUEINENINYINg
AMIAIN TN INYAE
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Table D-12 The pressure drop at different Reynolds number: Vary amplitude (x,) =

0.75¢cm, d/D, =0.5,S=1.5D, f =1 Hz, Cool Flow = 20 I/min

Pressure drop Reynolds Number
Experiment

Oscillatory Cool flow

12 Pascal (Pa) Hot flow (Re,)

(Re,,) (Re,)
1 8680 699.113 187.472 2143.142
2 8780 1! [781315 261.894 2157.927
3 8860 698, | 328620 2180.904
4 0000w | W 8367070 392.633 2208.311
5 | 848.352. | 4549 2211.203
6 9 //// -,‘%\, | 522.778 2201.568
7 96 Il/ 4 g \ 588,797 2222784
8 652.521 2174.671
9 723.062 2217.956
10 794.066 2234.868
1 850.173 2220.370
12 893.292 2246.970
F

ﬂ‘LJEJ’J‘VlEJ‘V]‘EWEJWﬂ?
awﬁaﬂﬂmwmmaﬂ
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Table D-13 The pressure drop at different Reynolds number: Vary amplitude (x,) = 1

cm, d/D,=0.5, S =1.5D, f =1 Hz, Cool Flow = 20 I/min

Experiment Pressure drop Reynolds Number
13 Oscillatory Cool flow
Pascal (Pa) Hot flow (Re,)
(Re,,) (Re,)
1 8580 1024.828 206.1118 2205.902
2 8740 o \ ' 1118.670 281.2315 2234.868
3 O 348.3131 2201.087
4 8920w | 1163:708 409.5756 2249.393
5 1186.7F 477.356 2210.721
6  543.3553 2208.311
7 608.4497 2263.944
8 582.4009 2215.544
9 757.4611 2256.666
10 830.0728 2271.228
11 892.2164 2276.087
12 966.9576 2256.666

AUEINENTNYINS
AMIANTUUNIINYAY
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Table D-14 The pressure drop at different Reynolds number: frequency (f) =0 Hz.,
d/D,=0.5, S =1.5D, x, = 1.5 cm., Cool Flow = 20 I/min
Exveriment Pressure drop Reynolds Number
14 Pascal (Pa) il Hot flow (Re,) i
(Re,,) (Re,)

1 8560 0 193.334 2166.053
% 8580 260.434 2145.523
3 860 321.631 2177.547
4 380.125 2203.494
5 446.948 2181.863
6 504.614 2210.721
{4 577.328 2217.956
8 628.826 2193.871
9 698.273 2221.335
10 757.058 2187.624
1 825.287 2188.104
12 2182.823

894.342
o

ﬂuEJ’J‘VlEJ‘Vl‘SWEJ’]ﬂi
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Table D-15 The pressure drop at different Reynolds number: frequency (f) = 0.5 Hz.,

d/D,=0.5, S =1.5D, x, = 1.5 cm., Cool Flow = 20 I/min

Extarinant Pressure drop Reynolds Number
15 Pascal (Pa) Os(c;l;at;)ry Hot flow (Re,) | Cool flow (Re,)
*
1 8440 351.237 188.374 2131.727
2 8560 1383542 257.125 2160.315
3 8720 - W 324.333 2184.263
4 8820 *—'ﬁ G| 386,758 2157.927
5 8840 mr\? 146.417 2174.671
6 8920 ////Eki\k' 240 2184.263
7 5980 I JI&A‘\\ 828 2193.871
8 ll Qk\ 2222.784
9 2225.199
10 2213.132
11 2222.784
12 2239.706

ﬂuEJ’JVlEJ‘Vl‘SWEJ']ﬂﬁ
amaﬂﬂmwmmaﬂ



Table D-16 The pressure drop at different Reynolds number: frequency (f) = 1.0 Hz.,

d/D,=0.5, S =1.5D, x, = 1.5 cm., Cool Flow = 20 I/min

Pressure drop

Reynolds Number

Experiment
Oscillatory
16 Pascal (Pa) s Hot flow (Re,) | Cool flow (Re,)
eos
1 8440 699.113 187.472 2143.142
2 8523 781315 261.894 2157.927
3 8740 “;\\"’ 9d’ 328620 2180.904
4 P - 8361678 —392.633 2208.311
5 8770 /Mﬁ&& 4.984 2211.203
| et | |
7 2222784
8 2174.671
9 2217.956
10 2234.868
11 850.173 2220.370
12 393.292 2246.970

ﬂuEJ’J‘VlEJ‘Vl‘SWEJ’]ﬂi

Q‘W’mﬂﬂ‘ﬁm 1RIINYIR
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Table D-17 The pressure drop at different Reynolds number: frequency (f) = 1.5 Hz.,

d/D,=0.5, S =1.5D, x, = 1.5 cm., Cool Flow = 20 I/min

Exienint Pressure drop Reynolds Number
17 Pascal (Pa) b s Hot flow (Re,) | Cool flow (Re,)
(Re,,)
1 9380 1132.373 202.436 2205.902
2 9420 1211 89 270.816 2181.863
3 9506 .| 1298 348.313 2210.721
4 959 1322.08 “413.616 2191.467
5 96 132728 | ".474.560 2232.449
6 9760+ 614399 | '547.604 2225.199
7 9820 1348208\, |\ 602,551 2203.494
8 0 o 2 | 6 2242127
9 6 1385, 99 2198.68
10 1393.481 2227.615
11 IE59204:; 2186.663
12 2210.721

AUEINENINYINg

AMIANTUUNIINYAY
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Table D-18 The pressure drop at different Reynolds number: frequency (f) = 2.0 Hz.,

d/D,=0.5,S=1.5D, x, = 1.5 cm., Cool Flow = 20 I/min

5

)

[

AUEINENTNYINT
ARIANTAUUMINGIAY

Pressure drop Reynolds Number
Experiment :
Oscillatory
18 Pascal (Pa) Hot flow (Re,) | Cool flow (Re,)
(Re,,)
1 9440 1421.900 190.646 2181.863
2 9440 na) 256.611 2193.871
3 9520 +319.203 2201.087
4 949 1626.54 413 2215.544
5 95 755 2193.871
6 953 59,329 750 2189.065
7 966 17941089 |\ 601.377 2196.275
8 0 184769 | | 681082 2205.902
9 6 | /1888 | 758916 2203.494
10 634 1008 831.660 2227.615
11 6500 © 41908 95.634 2208.311
12 6650 <1928 68.799 2196.275

83
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