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Abstract

This paper presents applications for internally finned tubes in boilers designed for supercritical parameters. It
outlines the characteristic dimensions of a tube used for the construction of a test station to determine the heat
transfer coefficient and linear friction losses pertaining to flows inside internally ribbed tubes. Theoretical
dependencies used for predicting the heat transfer coefficient and linear friction losses are presented herein.

The paper ends with a description of the test station.
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1. Introduction

State-of-the-art technologies related to progress in
the power engineering industry help to improve per-
formance in terms of processes. Increasing working
medium parameters in terms of pressure and temper-
ature is one way to achieve improved efficiency. With
a view to using the chemical energy of fuel in the
most effective way, plants are designed with super-
critical and ultra-supercritical parameters. Such so-
lutions require the use of appropriate materials and
design approaches. As far as power boilers are con-
cerned, two design solutions in the scope of evap-
orators are predominant: spiral and vertical Benson
Once-Through evaporators. For the latter type of tub-
ing, depending on the boiler zone, ducts with various
geometry are used. The most thermally loaded heat-
ing surfaces of the combustion chamber are made of
finned tubing (internally ribbed tubing).
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Figure 1: Comparison between evaporation zones and inner
wall temperature in rifled and plain tubes

Internally ribbed tubing helps to decrease mass flow
and ensures sufficient cooling for the internal sur-
faces of tubes. Moreover, the departure from nucle-
ate boiling is shifted towards higher values of vapor
quality, compared to plain tubing (Fig. 1).

Studies prepared by one boiler manufacturer show
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Table 1: Chemical composition of 13CrMo44 steel [7-9]
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Figure 2: Rifled tube cross-section with characteristic dimen-
sions

that evaporators containing internally ribbed tubing
make it possible to lower the water wall mass and
provide easy access to particular components during
inspections and repairs. At the same time, optimized
rib design helps to decrease pressure drop pertaining
to medium flow [1-3].

Finned tubing was installed at a Polish power plant,
in a460 MW CFB boiler. It was deployed in the most
thermally loaded boiler zones, i.e. within the wing
walls. The temperature of the bed in this part of the
boiler is approx. 900°C which, if plain tubing is used,
may induce the phenomenon of film boiling [4-6].
The complex internal surface of tubing combined
with changed heat exchange processes and flows re-
quire an understanding of new phenomena and the
impact of geometry on the phenomena under investi-
gation. Therefore, the concept of a measurement and
test station has been developed to enable determina-
tion of the impact of internally ribbed tubing geome-
try on the heat transfer coeflicient and linear friction
losses.

2. Characteristic dimensions of ribbed tubing

For the purposes of measurement station construc-
tion, an internally ribbed tube made of 13CrMo44
steel will be used. This is a chrome-molybdenum
steel used for the manufacture of pressure elements
designed for operation in high-temperature environ-
ments. Chemical composition and selected material
properties are shown in tables 1 and 2.

Figure 3: Rifled tube cross-section

Figure 2 presents the characteristic dimensions of
the internally ribbed tube. Characteristic values per-
taining to ribs result in changed flow and thermal
conditions compared to plain tubing. Later in this
study equations describing heat exchange and the im-
pact of the above-mentioned geometry on pressure
drop will be presented. Presented below are explana-
tions of selected values and dimensions of the finned
tube, which belongs to the Institute of Machines and
Power Engineering Equipment of the Cracow Uni-
versity of Technology. Figure 3 shows a picture of
the finned tube under investigation.

e d,—outside diameter 50.8 mm

e d;—inside diameter (without ribs) 34.9 mm
e d,;,,—minimum diameter 32.9 mm

e g—wall thickness 7.95 mm

e e¢—rib height | mm

e p—fin pith 30 mm

e a—width of the rib (at base) 5 mm

e b—average rib width 4.5 mm

e a—included angle 45°

e S—helix angle 30°

e N—number of fin starts 6

3. Pressure drop examination

3.1. Determination of pressure drop in finned tubing

In general, unitary pressure drop pertaining to tubing
flow is given by the expression:
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Table 2: Selected properties of 13CrMo44 steel as a temperature function [10]

Temperature, °C 0 20

50 100

200 300 400 500 600

Density, kg/m?

7855 7849 7840 7825 7793 7759 7724 7687 7648

Modulus of elasticity, 2.153 2.140 2.121 2.087 2.017 1.940 1.859 1.772 1.680
MPa-10°
Thermal expansion, 1.16 1.19 124 131 143 153 160 164 1.66
(1/K)-107°
Thermal conductivity, 439 441 444 446 440 422 398 370 34.1
W/(mK)
Specific heat, J/(kgK) 461 464 469 480 511 555 612 681 762
plain and rough tubing. This is due to the rib ge-
(A_ ) _ (%) N (% ) N (%) 1) ometry and their helix angle. One of the correla-
L L/, L), L], tions used for predicting linear losses was devel-
oped by Gregory Zdaniuk et al. [11], where it per-
where: (A—Lp)f—pressure drop due to friction, tains to pressure drop in lower-diameter tubing fit-

(%)h—hydrostatic pressure losses, (A—L”)a—losses
due to impulse of force.

Losses related to height difference and impulse of
force for flowing liquid are determined in similar
fashion to the general case.

With respect to the internally ribbed tubing discussed
here, loss related to friction is of the utmost impor-
tance. This is due to the complex internal surface of
the duct and phenomena that take place extensively
next to the wall. Unitary linear pressure drop is de-

rived from the following equation:

Ap pv?

20 g4 B )

[2) .22 .
For plain tubing the linear loss coefficient directly

depends on the Reynolds number. For laminar flow

Re < 2300 the Hagen-Poiseuille equation is used:

16
f=e 3)

and for turbulent flows, the Blasius equation is
used:

— 0.079
f= R0

0.046
f Reb2

In the case of internally ribbed tubing it is not
possible to use traditional dependencies relating to

Re < 10°
Re > 10° @

ted with more ribs. Experimental verification was
carried out for the Reynolds number in the range of
12000 < Re < 60000:

0319
_ -0.305 270.235 [ € 0.397

f =0.128Re N (di) B (5)

Another equation was proposed by Ralph Webb et

al. [12]. This team derived dependencies based on

geometrical factors, similarly to Zdaniuk et al. The

equation was developed based on water and cooling
media flow examination:

0.785

£ = 0.108Re™0283 021 (df) B8 6)

Jensen and Vlakancic in their study [13] refer to

the linear losses coeflicient formula derived by Car-
navos:

XS

-0.5
f = 0.046Re™"? (%) (secB)™™ (7)

where: A, = 0.257d?, m*>—surface of cross-
sectional profile (without ribs), A, = A, — N - e - b,
m?—actual flow cross-section.
Equations (3...7) involve linear losses coeflicient for-
mulas by Fanning. Dependency pertaining to coef-
ficient of friction losses defined by Moody is often
found in the literature on the subject. The following
relation exists between the cited dependencies:
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Figure 4: Comparison between Moody’s friction factor in
Reynolds number function: 1—Zdaniuk et al., 2—Webb et al.,
3—Carnavos, 4—Blasius

fu=4f ®)

The developed station will allow for verification of
the cited equations (5...7) and determination of de-
pendencies fitted for the presented geometry.

3.2. Numerical comparison of dependencies per-
taining to pressure drop in finned tubing

As shown in chapter 3.1, determination of the lin-
ear pressure drop coefficient in finned tubing is based
on parameters other than in the case of equations re-
lated to plain tubing. For comparison purposes, cal-
culations using the following equations were carried
out: (4) for plain tubing, and (5...7) for finned tubing.
The Reynolds number in the range from 1.2 x 10* to
6x 10° was used as the main comparison criteria. For
calculation of the linear losses coeflicient the follow-
ing tubing was used: a finned tube with the geometry
presented in section 2 and a plain tube of the same in-
ternal diameter d; as in the case of internally ribbed
tube. The results obtained are shown in Fig. 4.
Analysis shows that pressure drop pertaining to lig-
uid flow for the identical Reynolds number is higher
in the finned tubing (Fig. 4, curves 1...3) than in the
plain tubing (Fig. 4, curve 4). The size of losses de-
pends on the number of ribs, rib height-tubing inter-
nal diameter ratio, and helix angle.

4. Determination of heat transfer coefficient

Heat exchange occurs if the tubing wall tempera-
ture differs from the fluid temperature. Heat flux ex-
changed between the perfused solid body and fluid is
defined by Newton’s law [14]. Upon transformation
of the dependency, a formula for calculation of the
local heat transfer coeflicient [5] is obtained:
__q
S T,-T,

where: g—heat flux, W/m?; T, —inner wall tem-
perature, K; T,—bulk temperature, K.
Equation (9) is a general purpose equation and can
be used in the presented case. Another method for
the determination of the convective heat transfer co-
efficient involves the use of Chilton-Colburn param-
eter j. This value is predicted based on the Reynolds
number and the geometric dimensions of a duct. In
a general case the Chilton-Colburn parameter is de-

termined by means of an equation shown in stud-
ies [11-14]:

h

9)

j=St-Pri (10)

Using the Stanton number definition [14] the con-
vective heat transfer coefficient can be determined:

h= jc,G-Pr (11)

Webb et al. [12] determined the Chilton-Colburn
parameter as:

0323
j = 0.00933Re™0181 0255 (dﬁ) 0505 (12)
Whereas Zdaniuk and his team referred to equa-
tion (12) in their research and proposed the following
dependency for calculation of parameter j [11]:

o \00877
j — 0.029Re_0'347N0'253 (z) ﬁ0.362 (13)
i
Another method for determination of the convec-
tive heat transfer coefficient involves the use of a for-
mula for calculation of the Nusselt number:

_h

N
"%

(14)
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m, h—
W/(m*K),

where: l.—characteristic length,
convective heat transfer coefficient,
k—Afluid thermal conductivity [W/(mK)].
With repsect to this method, the specification of char-
acteristic duct geometry is intricate. It requires spec-
ifying the shape function. One of the formulas for
determination of the Nusselt number was proposed
by Jensen and Vlakancic [13]:

N lcsw B An o8
ﬁ = ( - ) (A ) [f (geometry)]  (15)
p i xs

For the duct under investigation the coefficients
used in equation (16) have the following values:

lcsw c
o =li-aswrarw] o ae
f (geometry) =
(iA_Aa:)O'Zg [1 _ 1792 (S W)0A64 (H)2.76 (Re)0.27]
(17)

For equations (16...17) the following values are
used: SW = Nsin (g)—dimensionless modified rib
pitch, H = %—dimensionless rib height coeflicient,

W = (ﬁ — di) cos /—dimensionless coefficient of
flow between ribs, S A,.,—internal heat transfer area
including rib surface area, S A—internal surface of

plain pipe of diameter d;.

5. Concept of the measurement station design

In order to determine the values presented in chap-
ters 3 and 4 the measurement and test station concept
has been developed. It will enable determination of
linear pressure drop and the local heat transfer coef-
ficient for the tubing described in chapter 2 herein.
The station diagram is shown in Fig. 5.

Flows will be tested in vertically mounted tubing
3 m long. Plain tubing will also be used in order to al-
low for parameter comparison against finned tubing.
The arrangement of measuring points for both types
of tubing is shown in Fig. 6. The spacing between
individual measuring points will be 0.5 m, resulting
in 7 measuring points for the total ducting length. In-
dividual values will be measured as follows, respec-
tively:

3

10 11

12 8 7 6

Figure 5: Concept of the measurement and test station: 1—
rifled tube, 2—plain tube, 3—cooler, 4—feed water tank, 5—
buffer water tank , 6—filter, 7—flowmeter, 8—pump, 9—
transformer, 10—regulation valves, 1—cut-off valves, 12—
data acquisition system

e internal wall temperature: 1...7
o fluid temperature: 1 and 7,
e pressure drop: between points 4 and 6.

For the purposes of measuring wall temperature on
the internal surface, 5 thermocouples will be in-
stalled for each measuring point on the finned tub-
ing (angle between thermocouples: y = 72°). This
number of thermocouples will enable the averaging
of tubing internal surface temperature. Temperature
distribution for the plain tubing will be more uni-
form; thus, 2 thermocouples will be mounted oppo-
site each other for each measuring point, where adja-
cent measuring points will be turned through an an-
gle of 90° to each other.

In order to predict the local heat transfer coefficient,
heaters will be deployed along the whole length of
the tubing. The heat flux transferred by them will be
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Figure 6: Measure points

measured and subsequently used for calculations. To
limit the environmental impact, both finned and plain
tubing will be thermally insulated.

Water will serve as a working medium. For the sta-
tion under investigation the estimated fluid tempera-
ture range will be between ambient temperature (ap-
prox. 20°C) and near-boiling point at atmospheric
pressure (approx. 90°C). The flux of the flowing
medium will be measured by means of a flowmeter,
presented in Fig. 5 (position no. 7).

6. Conclusions

The measurement station concept presented in chap-
ter 5 will make it possible to determine the heat trans-
fer coeflicient and pressure drop for water flow in
finned tubing. The heat transfer coefficient will be
determined based on multiple methods, which will
allow for verification of the values obtained. With
respect to the linear loss coefficient, verification of
dependencies outlined in chapter 3 will be possi-
ble, as well as derivation of formulas relating to the
finned tube geometry shown here. This is insightful
as regards understanding flow and thermal phenom-
ena taking place in the evaporators of modern power

boilers; moreover, it will inform the design of opti-
mum finned tube geometry in terms of the heat trans-
fer coeflicient and linear pressure drop.
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Nomenclature

¢ heat flux, W/m?

¢, specific heat, J/(kgK)

d diameter, mm or m

f Fanning friction factor

Ju Moody friction factor

G mass flux, kg/(m?s)

h convective heat transfer coefficient, W/(m?K)
j Chilton-Colburn j-factor

k thermal conductivity, W/(mK)
L length, mm or m

N rib number

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

St Stanton number

T temperature, °C or K

v fluid velocity, m/s
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