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Abstract

Tube inserts are used as heat transfer enhancement devices in applications: retrofitting
and new design of shell and tube heat exchangers. In this paper, Helical-wire-coils fitted
inside a round tube have been experimentally studied in order to characterize their thermo-
hydraulic and fouling behaviors in turbulent flow regime. The present study introduces a new
experimental method to reveal for the fouling process of CaCOs; (Crystallization mechanism
for water) and to study the effect of wire coil inserts on fouling resistance of CaCOs, hest
transfer coefficient and friction factor.

The fouling experiments were performed with the Reynolds number set at 12,824 which
is correspondent to the flow velocity of 0.66 m/sin the test section. The inlet bulk temperature
was 39 °C and with average total hardness 245. By adding of calcium chloride (CaCl,) and
bicarbonate sodium (NaHCOs;) continuously to water tank, the average total hardness keep
amost constant. Fouling resistance results report from three wire coil inserts within a
geometrical range of helical pitch 0.1375<p/d<0.2813 and wire diameter 0.0238<e/d<0.0750.
The heat transfer and pressure drop are results from wire coils are shown in turbulent flow
regime within a wide flow range: 4000<Re<52000 and almost constant Prandtl number
(Pr=3.15-4.55). We proposed a mathematical restatement on Kern and Seaton fouling model
for plain and enhanced tube (with wire coil typel). Also Nusselt number and isothermal
friction factor correlations are proposed for turbulent regime in terms of Reynolds number
(Re>4500) and inserts geometry.

Keywords: Wire cail inserts- Fouling mitigation- Heat transfer enhancement- Friction factor.

Introduction

1-1- Water fouling (scaling)

Deposition of scale is a chemica process due to the concentrations of dissolved sdts in
the cooling water exceeding their solubility limits and precipitate on to surfaces in contact
with the water. The most common scale formers, calcium salts, exhibit reverse solubility in
that they become less soluble as the temperature of the water increases. This property causes
scale formation in the most senditive area, particularly in the heat transfer surfaces of
production equipment. One of the most common forms of scales is calcium carbonate
(CaCOs) [1-5]. Most of the research done in the field of precipitation fouling of cooling tower
water was on calcium carbonate [6]. When scale deposits in a heat exchanger surface, it is
traditionally called fouling.
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The effect of temperature and flow velocity on fouling resistance has been extensively
studied, from which the fouling mechanisms were speculate or modeled [1, 4-5]. To
understand the behavior of the fouling, researchers measured the fouling resistance as a
function of time. The analytical and semi-analytical models were developed based on these
experimental studies to estimate fouling resistance. These models did not always give good
agreement with experimental results. Hasson et al. [7] presented a fouling model to predict the
fouling rate in a heat exchangers considering CaCOs; deposition only. Since their analytical
mode! did not consider the removal mechanism, the model is applicable to low velocity flows
where the removal process is negligibly small.

The scale deposits produced from precipitation fouling are often very hard and difficult to
remove. Webb and Li [8] stated that the main source of fouling in cooling water systems is
the precipitation of calcium carbonate. Since water contains bicarbonate ions and not
carbonate ions, the following three-step reactions describe the actual process of CaCO3
precipitation:

(Reaction) HCO; , « OH"  +CO, @

(Reaction2) ~ OH" _ +HCO; « COZ g T H20 (2)

(Reaction3) ~ Ca® _ +COI '« CaCO, )

1-2- Wirecoil tubeinserts

Fig. 1 shows a sketch of a wire coil inserted in close contact with the inner tube wall,
where p stands for helical pitch, e for the wire-diameter and d is the tube inner diameter.
These parameters can be arranged to define the wire geometry in non-dimensional form:
dimensionless pitch p/d, dimensionless wire-diameter e/d and pitch to wire-diameter ratio p/e.

Depending on the wire coil geometry and on the Reynolds number, two different types of
flows can occur: rotating flow and separated flow. The first one occurs at the tube periphery
due to the helix angle and affects to a greater or lesser extent the thickness of the flow. A
separated flow can occur due to the fluid crossover through the wire. The tubeside flow
pattern is modified by the presence of a helically coiled wire as follows:

1- If the wire coils are in contact with the tube wall (dinseri= dwie), they act as roughness
elements and disturb the existing laminar sublayer. It is useful for heat transfer enhancement
applications because the laminar sublayer is a resistance for heat transfer. Also, contacting
with the tube wall quicken fouling (scaling) on tube surface.

2- If the wire coils are in contact with the tube wall (dinsert<dwbe), their role on heat
transfer enhancement is not noticeable in comparison to it on scaling mitigation, specially
when parameters e/d and p/d are as it can vibrate, because it increases removal rate of scale.

More researchers have been conducted with regards to heat transfer enhancement (wire
coil effect on the heat transfer coefficient and pressure drop) as proven by a large number of
papers in the literature [9-12]. Table 2 shows the published heat transfer coefficient and
pressure drop data and their limitations for wire coil inserts [13], athough it update. However
until now, no researcher surveys their effects on the fouling mitigation with their effects on
the heat transfer coefficient and pressure drop, simultaneously.

The man am of the present paper is to study the effect of wire coil inserts on
crystallization fouling (scaling) mitigation for water solutions with 245 ppm hardness. Also, it
is reported the experimental data on wire coil inserts thermohydraulic behavior.
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Nomenclature

cross section of tube (n?)

carbon steel tube inner surface area (n?)

tube diameter (m)

hydraulic diameter at inner tube (m)

wire diameter (fig. 1) (m)

heat transfer coefficient (wm 2°C Y

thermal conductivity of carbon steel block (Jm g toch
thermal conductivity of tube (Jm s *°C™ %)

length of heating section (Carbon stell block) (m)

mass rate (kg/s)

pitch (for wire coil tube insert) (m)

pressure drop (Pa)

heat transfer rate (W)

radius (m)

fouling resistance (m?.K/W)

fouling resistance at infinite time — the asymptotic value (m”.K/W)
dope

temperature (°C)

bulk mean temperature (°C)

inner surface temperature of carbon steel block(or outer surface temperature of tube) (°C)
temperature for ith situation in carbon steel block

wall temperature (°C)

time (Sec)

fluid velocity (m/s)

Dimensionless groups

f

friction factor

Nu  Nusselt number
Re  Reynolds number
Repn  Reynolds number based on hydraulic diameter
Pr  Prandtl number
Greek symbol
b a constant dependent on the system properties
r  density (kg/m)
m  viscosity (kgm s 1)
Subscripts
i ith situation in carbon steel block (fig. 3)
I inner surface of carbon steel block
d deposition
r removal
s  surface
W wall



www.SID.ir

5™ International Chemical Engineering Congress and Exhibition
Kish Island, 2 - 5 January 2008

Table 1 Characteristic dimensions of the helical wir e coils

wirecoilno. d[mm] dinse: [MM]  p[mm] e[mm] p/d[-] ed[] ple[-]

smooth tube 16 - - -
Typel 16 13.8 2.2 0.38 0.1375 0.02375 5.79

Type2 16 13.8 34 0.9 0.2125 0.05625 3.78
Type3 16 13.8 4.5 12 0.2813 0.07500 3.75
Type4 16 16 4.5 1.2 0.2813 0.07500  3.75

Table 2 Published data and their limitationsfor wire coil tube inserts[13] (Also, It isupdated)

Geometrical Characteristics
Investigator(s) Re Pr p/d; e/d
Sams (1956) 10*-10° 0.7 0.0475-5.317 | 0.0317-0.063
Kumar-Judd (1970) 7 10°-10° 5 1.00-5.50 0.104-0.144
Klaczak (1973) 1700-2" 10° 259 0.684-2.882 | 0.1029-0.2206
Sethumadhavan-Raj Rao (1983) 3 10*-10° 5.2-32 0.4-5.2 0.08-0.236
Uttarwar-Raj Rao (1985) 30-2°10°  |300-675 | 0.396-2.62 0.0796-0.135
Ravigurgurgjan-Bergles (1986) | 5" 10%-25 10" |0.66-38 0.1-7.0 0.01-0.2
Chiou (1987) 600-10" 90 0.333-1.0 0.084-0.24
Prasad-Brown (1988) 4 10108 10° |5.1-5.4 0.2-0.605 0.058-0.11
Zhang et al. (1991) 6000-8" 10* 0.7 0.35-2.48 0.037-0.09
Yang et al. (1992) 3800-42° 10° |5.7-7.9 | 0.783-2.087 | 0.0404-0.0848
Garcr'a et al. (2005) 80-90000 2.5-150 1.17-2.68 0.07-0.10

1- Experimental setup

The experimental setup schematically shown in Fig. 2a, used to study potentia
benefits of the tube inserts on heat transfer enhancement and fouling mitigation. It is used
two test sections very similar because the fouling experiments were run a feed with the
same operating condition for two states, one fills with tube insert and the other is as plain
tube. The inner tube is carbon steel (St 35.8), with a 3/4-in OD diameter (BWG 14) and a
80-cm long that a 50-cm long of it placed in a carbon steel cylinder with a 10-cm diameter
and a 50-cm long (fig. 2b). Two bond heaters, rated at 2000 W each, are continuously
wrapped around carbon steel cylinder and bonded to the surface. Temperature of inlet
surface of tube (and so heat duty of heaters) is controlled by a thermocouple from nine
thermocouples that are placed in carbon steel cylinder as at three different length (L=5,
10, 20 cm) and at three different radiuses (fig. 2b). They are used to calculate the heat flux
and inner surface temperature of the tube. Two band heaters surround for heating. Carbon
steel cylinder placed for:

1- Uniformly heat distribution on outer surface of inner tube.
2- Cadlculation of heat flux and surface temperature using of temperature
profile at different radius.
The system equipped with thermocouples (type K) to measure mixed mean inlet and
outlet temperatures and transmitters to measure inlet-to-outlet differential pressure losses
within a range of 0-1.2 bar; a rotameter flowmeter for range 140-1400 lit/hr. The rotameter
flowmeters were gravimetrically calibrated across their respective flow ranges to ensure very
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precise flow measurement. All data were collected using a data acquisition system, to alow a
proper time to reach to steady state condition at each increment. The heat flux calculated by
data obtained from nine thermocouples which are placed in carbon steel cylinder.

3- Experimental Program

The temperature profile versus radius is obtained by averaging of three temperatures in
each radius at different lengths (fig. 3),

=SLn(r) +T, (4)
T, is temperature in outer surface of tube (or inner surface of carbon steel cylinder). The
heat transfer rate can be calculated from:

dT.
Q = Kb'A‘I (d_r_l)rzrI (5)
i
With, A=pdL (6)
—n
SN
=HC A 3 A\
-+ 7 "\‘_“-.\ «.\\_ "‘-.\:\ <
DI W W W

: .
¢ |

Figure 1 Sketch of a helical-wire-coil tubeinsert fitted insde a smooth tube

(?)r ., Iscalculated by temperature profile (Eq. 3):
ri i |
dT. S dT. S
—1\== [} Ty == 7
i)t G =7 (7)
S
that, Q=K,(pd, L)(r—) (8
|

The inside wall temperatures and local heat transfer coefficient can be calculated by:
T.=T, - ang/ 92 k,,.L) (9)

he, =Q/(Ldp(T,- T,) (20)
and finally, fouling resistance is calculated from:
2o _#do (11)
éha. éha,
that hi-o is heat transfer coefficient at start of the experiments.
In above, we explained experiment method for design state. In these experiments, we
encountered to problems. For example, there is a contact resistance between outlet surface

tube and inlet surface carbon steel block, athough for building of test sections, the carbon
steel block heated to a high temperature and tube inserted into it and by contraction of tube, it

R, =
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was fixed permanently over inlet surface carbon stedl block. However in fact, the contact
resistance can be never eliminated, so it is spotted its error.
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Figure 2 Experimental set-up and the schematic of the test sections

4-wire coilstested

Table 2 represents three wire coil inserts that are used in these experiments. The reason of
this selection is focus on fouling mitigation in this study, so their diameter is lesser than tube
diameter for wire coil 1, 2 and 3 that it caused vibrate in tube and remove scale regard to wire
diameter.

5- Experimental results and discussion

5-1- Fouling mitigation

The fouling experiments were conducted by continuously circulating solution of calcium
carbonate in a closed-loop system schematically shown in Fig. 2a. The experiments were
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performed with the Reynolds number set at 12,824 corresponding to 0.66 mv/s flow velocity in
the test section. The average total hardness was 245 and inlet bulk temperature was 39 °C.
Also, the experiments were performed with plain tube to get the times for adding hardness to
recycled water that achieved average hardness equal to 245. The calcium chloride (CaCl,) and
bicarbonate sodium (NaHCO3;) were added continuoudly to water tank because the average
total hardness keeps almost constant. Calcium carbonate is an inverse solubility salt while
bicarbonate sodium is a normal solubility salt. Under the stated conditions the solubility of
calcium carbonate would decrease towards the heated plate and expected to crystallize and
form deposits on the surface. Depend on characteristic dimensions of the helical wire coils,
they can mitigate or increase scaling rate in tube. Fig 4 shows wire coil type 1 after fouling
experiment. Fig 5 shows the fouling resistance for plain tube wire coil type 1, 2,3 and 4 (table
2). The wire coil type 4 is fixed in tube because its diameter is equal to tube diameter so
fouling resistance increased compared to plain tube. Although in first, R; decreased than plain
tube because of turbulency, but it was more at final hours of experiment because in this time,
crystal nucleus formed and produced turbulency isn't sufficient for removing of scaling. Also,
the wire coils type 2 and 3 mitigate fouling than plain tube in first but it didn't generaly
change in final hours of experiments. The characteristic dimensions of wire coil type 1 (p/d
and e/d) were asiit vibrated in tube and scraped and removed formed scale in tube wall.

Thicknes

Tube
[

P9 UL 1

UUUUVULAA A AT 1 /4
ii\l..,_=.'“”'!’“"r Wi/

Inlet Tube Region
s

Cafb";:g‘ie;n' Block Fig. 4 Tubeinsert tested in experiments
(wirecoail Typel)

Figure 3 Tember atureprofile
in carbon sted cylinder

Fouling in a heat exchanger is generally modeled using Kern and Seaton approach [14]
where the fouling rate is represented as a net effect of two separate processes:
fouling rate = deposition rate - removal rate (12

A large number of studies are reported in literature dealing with different aspects of
crystallization fouling. It is usually observed that there is no deposition for some time after a
new or clean heat exchanger has been commissioned. This period is called the ‘initiation
period’ or ‘time delay’. Kern and Seaton proposed a simple model to explain the fouling
process [14].

R =Ry (- €") 13
where Ry is the fouling thermal resistance at time t, Ry is the fouling thermal resistance at
infinite time- the asymptotic value and b is a constant dependent on the system properties.
The model is essentially a mathematically interpretation of the asymptotic fouling curve that

it doesn't predict the initiation time. We proposed a mathematical restatement of Kern and
Seaton model that it could predict the initiation time as it observed in our experimental data.

R =R, (1- €") (14)
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Figure 5 Fouling resistance ver sus testing time relationship (typical CaCO3 fouling process) for plain
and enhanced tube with wire coils (types 1, 2, 3 and 4)

The Ry and b has been obtained through curve-fitting of fouling thermal resistance
results (fig. 6) used by MATLAB software. For plain tube and wire coils 1, 2 and 3, the time
of experiment (56 hr) wasn't enough to reach to asymptotic conditions, although we don't
observed the asymptotic condition when we increased the time of experiment to 120 hr for
plain tube. The slope of curve was 4° 10 for plain tube in the first 40 hours of experiment.
For enhanced tube with wire coil type 1 they obtained Riy= 8.0522" 10°® [m?.°K/w] and
b=2.4222" 10° [hr].
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¢ Experimental Data *
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Figure 6 Evalution restated Kern and Seaton correlation with experimental data

of fouling resistance for enhanced tube with wire coil type 1.

5-2- Heat transfer Enhancement

Heat transfer tests under the constant wall temperature condition were carried out in a
plain tube and in the same tube with 3 wire coil inserts (table 2). Following the procedure
described in Section 3 this paper, a range of flow conditions was covered: Re= 3000-20,000
and Pr=3.15-4.58. Fig 7 shows the experimental results of Nusselt number for plain tube and
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enhanced tubes with wire coil inserts (table 2) that All of wire coils increased the Nusselt
number about 1.53-3.65 times for enhanced tube than plain tube. Also the set of tests started
with the plain tube. These experiments allowed to check the experimental setup and to verify
the procedure and determining the calculated uncertainties. Experimental results for plain tube
shows that experimental data of Nusselt number are dightly lower (5.21-6.31% above) than
those predicted by Petkhov equation (Equ. 15) and dlightly lower (-0.87-16.89% above) than
those predicted by Dittus and Boelter equation (Equ. 16).

5
*RePr N .

§48 5 =0, >T,
SN 1 i S QPO LI L S S

1.07+12.7’§ 8 (pres. g in=025if T, <T,

T4 -y
and, f =(1.82logRe- 1.64)? (16)
..0.14
Nu = 0.027 Re"® Pr”3a&‘y 0 (17)
&/ M, 5

A Nusselt number equation in the form Nu = Nu (Re, Pr, e/d, p/d) has been obtained
through curve-fitting of heat transfer results used by MATLAB software.

-0.1108 (7 )0.1096 (18)

_ 0.5120 . 0.4379 0
NU = 1.003Re®52° pr g% 0

The wire coil inserts is mainly influenced by the reduced pitch and the increased wire-
diameter on Nusselt number. The results have shown that wire coil type 1 that makes a more
fouling mitigation than other wire coils (types 2 and 3), makes only hardly ever lower
enhancement than other wire coils because of the its lower pitch.

5-3- Friction factor

The pressure drop experiments were carried out by employing isothermal water fluid. The
friction factors (based on Darcy friction factor) have been obtained in a continuous Reynolds
number ranged from 3000 to 52,000.

Fig 8 shows the experimental results of friction factor for plain tube and enhanced tubes
with wire coil inserts (table 2). Wire coil type 1 that makes a more fouling mitigation and
lesser heat transfer enhancement than other wire coils (types 2, 3 and 4), it can leads to lower
friction factor other wire coils a¢ Re>10000 than other wire coils. The reason of the almost
equally friction factor for al wire coils is decrease of pitch (p) contrary of wire diameter (e) of
these wire coils. A friction factor equation in the form f=f (Re, e/d, p/d) has been obtained
through curve-fitting of friction factor results used by MATLAB software.

-1.8225 (% )L 4520 (19)

f =18.6098Re g% g

Equ. (19) shows friction factor (such as Nusselt number, aso with different factors) for
wire coil inserts is mainly influenced by the reduced pitch (p/d) and the increased wire-
diameter (e/d).

6- Conclusions
The present experimental study investigated the effects of wire coil inserts on the heat
transfer, pressure drop and fouling in a concentric-tube heat exchanger. Based on the obtained
results, the following conclusions can be drawn:
1. Vibration of wire coils that is caused by its characteristic dimensions, has an
irrefutable effect on fouling mitigation in enhanced tubes with wire coil inserts.
2. The wire coil that it doesn't vibrate refer to its dimensions (e/d and p/d), may
decrease fouling resistance rate more than plain tube in initial times because of
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produced turbulence, but after 15-20 hours (also in experiment condition in this study)
that initial crystals form in tube surface, it has reverse effect on fouling mitigation.

350.00
® Wire Coil Type 3
| ¢ Wire Coil Type 4
300.00 A Wire Coil Type 2
® Wire Coil Type 1
. 250.00 | X Plain Tube .
o
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0.00 T
1000 10000 100000
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Figure 7 Nusselt Number vs. Reynolds number for plain and enhanced tubes
with threewire cails (types 1, 2,3 and 4).
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Figure 8 Friction factor vs. Reynolds number for plain and enhanced tube
with three wire coils (types 1, 2, 3and 4).
7- Recommendations

The development of performance criteria for comparison of heat transfer enhancement,
fouling mitigation and pressure drop effects is necessary for the finding of optimum values
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e/d and p/d that it should survey in future studies. Also there are several important points at
design of setup for the fouling study,

i. The long time of fouling experiments that it could be decrease by
supersaturation solutions. Although there are usualy problems occurred, for
example: scaling in vessal and non-constant concentration of foulant in solution.

ii. The bulk temperature, wall temperature and velocity are the important factors
that influenced on scaling rate, so it is necessary that study their effects on fouling
resistance in enhanced tubes with wire coils.

iii. The mixing of NaHCO3; and CaCl, strictly before test section can prevent from
scaling in vessel and lines and solution circulating in short path with lesser diameter
than test section's tube, cause almost constant concentration of foulant in solution.
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