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Abstract

The thermal analysis of a turbine stack discharging exhaust gagesatmosphere is presented. The examined turbine stack belongs to a
gas lift plant for oil extraction located in the Gulf area. The analysis has been performed because an overheating of the anchor flange/bolts
and of the concrete foundation occurred and caused small cracksupplee layer of the foundath. A qualitative thermal analysis of the
stack has pointed out that the main cause of the overheating was the thermal radiation in the air-filled region underneath the stack bottornr
plate. Detailed calculations performed by using a CFD code (Fluent ver. 6.0.12), cross-checked with measurements taken from site, have
shown that a significant reduction of the heat flux to the foundatmrdcbe obtained by filling the aboveentioned air region with an
insulating material. The benefits of this solution are prevailing over those achievable with the installation of external fins on the stack shell.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Iixhaust Gases

The operation of plants which include combustion tur-
bines implies both noise control and thermal control prob-
lems [1]. In recent years, sevérmise control studies which
analyze the environmental impacts of these plants have beer
performed [2,3]. The thermal control of steam generation Air
in the heat recovery steam generator of a combined—cycle ,
power plant has also been studied [4].
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The aim of the analysis proposed in this paper is the
determination of a method to keep the temperature of the 5 s
bottom flange of a turbine stack below a given threshold it Y \ s
value (90°C). The importance of this thermal control is /™ N

related to the need for having a very small dilation of the ——
bottom flange, since the thermal expansion of the flange
caused cracks in the concrete foundation.

A layout of the part of the turbine stack which is relevant
in the study of the heat transfer with the bottom flange is

Fig. 1. Layout of the turbine stack.

given in Fig. 1. Exhaust gases with high temperature enter
sideways in the steel stack and go up. Below the junction,
the stack is split in two parts by an inclined steel plate; the
* Corresponding author. Fax: +39-051-6441747. lowest part is full of air. The stack base is welded with the

E-mail address: antonio.barletta@maihg.unibo.it (A. Barletta). steel bottom flange that is bolted in the concrete base. The
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Nomenclature

a emissivity Re Reynolds number

AEC  average environmental condition T temperature . ... °C
C dimensionless constant T, external temperature ................... °C
CEC critical environmental condition Tin inlettemperature ....................... °C
D stack diameter ..................coiiua. m i velocity field . ........................ il
g gravitational acceleration.............. 31 Uin inlet velocity magnitude............... g1t
h specificenthalpy ..................... kg™t v undisturbed airspeed ................. st
he convection coefficient........... wi—2.K-1

k thermal conductivity ............ wh—1.K-1 Greek symbols

m dimensionless constant w dynamic viscosity ............... kg1.s1
n dimensionless constant v kinematic viscosity . ................. 1
i unit normal o density . ......ooveiii kg3
Nu Nusselt number 00 Stephan—Boltzmann constant,

p Static Pressure ..........oovveevennnn.. N2 —5.672x 1008 W-m—2.K—4

Pr Prandtl number .

q heatflux..................ooevnn... Wi—2 Subscripts

qe heat flux due to convection ........... V-2 D referred to the diameter

qr heat flux due to radiation............. 2 S referred to the surface

stack is covered by insulating material (rockwool) for one placed on the wall of the vedal tube should yield a minor
third of its height. contribution to the thermal control of the bottom flange.
The examined turbine stack belongs to a gas lift plant ~ The qualitative thermal analysis has been validated by
(i.e., a plantinjecting gas into wells to get crude oil) located means of numerical simulatios$ the heat transfer process.
in the Gulf area. The working conditions, the material These simulations have been performed by using a CFD
properties and the environmental conditions are known; code (Fluent ver. 6.0.12). The main steps of the analysis are
moreover temperature measurements on the external surfacée following:
of the bottom flange and of the concrete base have been
performed. (1) estimate of reasonable convection and radiation coef-
The main heat transfer meahisms in the system exam- ficients necessary to impose thermal boundary condi-
ined are as follows. The exhaust gases heat the upper part  tions;
of the stack and the inclined steel plate by convection heat (2) discretization of the computational domain and CFD
transfer. The lowest part of the stack, the bottom flange and  Modelling;
the upper layer of the concrete base are heated by conductiod3) thermal analysis of the existing system and comparison
through the stack wall, as well as by convection and radia- _ ©f results with experimental data; .
tion through the internal air layer. Heat is transferred to the (4) analysis under critical conditions of the combined effect
external environment, by convection and radiation, through ~ du€ to the addition of internal opaque insulating material
the external surfaces of the stack. and to the removal of a portion of the external rockwool
First, a qualitative thermal analysis of the stack has been __ |2Yer; o _
performed. This analysis has pointed out that the main cause(®) Study of the effect due to an additional array of circular
of the temperature increase of the bottom flange and of ~ PIn fins placed on the external surface of the tube.
the concrete base is the radiation heat transfer between the
inclined internal steel plate and the upper surface of the
concrete base. Indeed, the air layer between these surface%‘
has a very low thermal conductivity, undergoes a negligible
free convection flow, but is transparent to thermal radiation.
As a consequence, the replacement of this air layer with
an opaque insulating material appears as necessary. Th
axial heat conduction in the wall of the stack yields a non- , _ ﬁmD (1)
negligible contribution to the temperature increase of the D
bottom flange. This contribution can be significantly reduced wherek is the thermal conductivity of the external a, is
by removing a portion of the external rockwool layer. The the diameter of the stack ardlip is the circumferentially
enhancement of the external heat transfer by means of finsaveraged Nusselt number. With reference to transverse flow

Estimate of convection and radiation coefficients

The convection coefficieri, for the heat transfer from
the external surface of the stack to external air has been
gvaluated as
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around an infinitely long cylindefup has been estimated
by means of Zhukauskas’ correlation [5],

i
T
T

_ Pr\ /4

Nup = CRe%Pr”(—) (2
Prg

where n is a dimensionless constant which depends on

the Prandtl numbePr, while C andm are dimensionless

constants which depend on the Reynolds nunftegy. The

latter is defined as Fig. 2. Computational domain of the existing system.
VD
Rep = — 3) . ) . .
v have been considered as constant-section circular tubes with

whereV is the undisturbed air speed ands the kinematic @ diameter of 2.4 m. The height of the inlet-pipe bottom
viscosity of air. All physical properties are evaluated at the has been considered equal to 1.125 m. Starting from the
external air temperature [6], exceits, which is evaluated ~ bottom flange, a 0.20 m high portion of the vertical tube
at the mean temperature on the external surface of the stackis free of insulation. Then, in a 0.80 m high portion of the
For air, the Prandlt number is a constant with valug10 vertical tube, the thermal insulation has been modelled as
Thereforen = 0.37 and Eq. (2) reduces to a 0.20 m thick layer around the tube. In the upper part of
the computational domain, the thermal insulation has been

Nup = 0.88C Rep (4) taken into account throughetthermal boundary condition.

The stack diameter i® = 2.4 m. The inclined steel plate hagen considered with a minimum
The external convection coefficient has been evaluated inheight of 0.51 m and a maximum height of 0.64 m. The

two different conditions: bottom flange is a circular ring 0.035 m thick with an internal

diameter and an external diameter of 2.4 m and 2.7 m,

Average Environmental Condition (AEC). The wind speed  respectively. The concrete base has been modelled as a box
corresponds to the arithmetic mean of the measured valuesWith a square section of3mx 3.5 m and a height of 1.7 m;
3.0 ms*l; the external-air temperature Corresponds to the its bottom surface has been assumed adiabatic. The number

arithmetic mean of the measured values® @2 of nodes in the mesh is 46036.

Critical Environmental Condition (CEC). The wind speed ~ 3.2. Governing equations
is very low, 0.2 ms™1; the external-air temperature is 0. _ _ ) ) ) )
surface of the stack has been assumed equal t¢@00 9ate the stack system, are briefly discussed. Non-isothermal,

Under these conditions, the results are as follows: incompressible flows have been considered in both parts of

the stack, although in the closed region under the inclined
AEC — Nup =577 h, = 6.56 Wm 2.K™* steel plate the flow is assumed to be laminar while in the
CEC — Nup =102— h. = 1.15W-m2.K1 (5) upper part it is assumed to be turbulent. The conservation

o o equations for mass, momentum and energy for incompress-
The external radiation heataimsfer coefficient has been jpje flows have been solved in both regions. The equation for

evaluated by assuming an emissivitg @or the stack—skirt e mass conservation, or continuity equation, can be written
(smoked) steel as well as for the concrete surface, andyg

an emissivity (2 for the external surface of the thermal .

insulation. The thermal radiation heat transfer between the V- % =0 (6)
inclined internal steel plate and the concrete base has beeRvhere is velocity field. The equation for the momentum
evaluated with an emissivity.8 of both surfaces. conservation in an inertial reference system is described by

J . . - o

—(pu) + V- (puu) =—=Vp+ V- (uVu)+ pg (7)
3. CFD modelling ot _ o _ _
where p is the density,p is the static pressurgy is the

3.1. The computational domain molecular viscosity angg is the gravitational body force.
The energy equation is solved in the following form:

In Fig. 2, a drawing of the computational domain and of 4 u? R u

its mesh is reported, with reference to the existing system. | po|\h+ - )|+ V- qu|p|h+ 5 )+ P
at 2 2

The upper surface of the concrete base has been assumed - V. &VT 8

as the zero-height plane. A part of the vertical tube, up - ( ) (8)

to the height of 5.0 m, has been selected, together with awhereh is the specific enthalpy,is the thermal conductivity
part of the lateral inlet pipe with length 3.0 m. Both ducts and T is the temperature. Internal thermal radiation heat
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transfer has been taken into account in the closed region Freeeeee et e
under the plate only between the inclined steel plate and the 5 A
concrete base.

Turbulent flows are characterized by fluctuating veloc-
ity fields. These fluctuations mix the transported quantities
such as momentum and energy and can be of small scale
and high frequency. Therefore turbulent flows are too com- A A
putationally expensive to be simulated directly in practical
calculations. On the other hand, the instantaneous exact
governing equations (6)—(8) can be averaged in time and

Qe+ 4
q=qc+q;
-
t=

q=

; . 4 i=0
in space or otherwise manipulated to remove these small - -
scales, resulting in a modified set of equations that are com- - = - g N
putationally less expensive to solve. However, the modified % p =0

equations contain additional unknown variables. Then, ad- =
ditional turbulence equations are needed to determine these
variables in terms of known quantities. The standerd q=0
model, proposed by Launder and Spalding [7], has been cho-
sen. It is a semi-empirical model, and the derivation of the
model equations relies on phenomenological considerations.
It is based on model transport equations for the turbulence
kinetic energyk, and its dissipation rate,

In the solid regions, only the energy equation has been
solved, by using the following form

q=

Fig. 3. Boundary conditions of the existing system.

The set of non-linear governing equations is linearized and a
stationary solution is considered. Velocity field components
are first evaluated and then a “Poisson-type” equation
for the pressure is solved to obtain a correction for the
i(,oh) —V.(kVT) 9) pressure, in order to satisfy the continuity and momentum
ot equations. Turbulence and temperature equations are then
solved using the updated values of other variables. Due to
the non-linearity of all the equations, this loop is repeated
until convergence is achieved. Scalar variables, including

: ! S ] the velocity components, are located at cell center and
mented with appropriate boundary conditions. Fig. 3 Shows y,qir yalue at cell faces is obtained with a second-order

separately the boundary conditions for the energy equationn ing scheme. All equations are solved with an Algebraic
(left) and for the continuity and the momentum equations \;tigrid (AMG) technique, in particular a fixed V-cycle has
_(nght). Th? value_rm IS the temperature of the inlet ﬂowﬁz been adopted for the Poisson’s equation for the pressure and
is the partial derivative of" along the normaiiz, andy is a Flexible cycle for the other transport equations. Under-

thehheat flux per uni':jared'c_l. The heat fluygsTnd%, arﬁ dueb relaxation factors have been considered to control the change
to the convection and radiation, respectively. They have beeng¢ e physical variables during each iteration.

evaluated in the following form

3.3. Boundary conditions

The system of conservation equations must be supple-

Ge =he(T — o) (10) 4. CFD analysisof the existing system
. ysis isting sy
qr = acro(T4 — Te4) (12)
where T, is the external temperature, is the emissivity The thermal behavior of the existing system has been sim-

of the surface andy is the Stephan—Boltzmann constant. ulated numerically under avega environmental conditions

In Fig. 3 Ui, is the magnitude of the velocity component (AEC), in order to check whether the model yields the mea-
normal to the inlet surface and, is the partial derivative of ~ sured temperature values at the bottom flange, as well as
u evaluated along the normap. According with Launder  under critical environmental condition€EC). UnderAEC,

and Spalding [7], turbulent kinetic energy and its dissipation the external convection coefficient is56 W:m—2.K~1, the

rate have been chosen to be constant and unitary on all theexternal air temperature is 4. Moreover, undeAEC the

open boundaries. inlet temperature of exhaust gases is 500i.e., the temper-
ature of the exhaust gases under normal operating conditions
3.4. Numerical algorithms of the gas lift plant. UndelCEC, the external convection

coefficient is 115 W-m~2.K~1, the external air tempera-
The numerical algorithm adopted in the stack simulation ture is 5C and the inlet temperature of exhaust gases is
is as follows. A segregated solver has been used, where thés80°C. The latter is the highest temperature that the exhaust
governing equations of Section 3.2 are discretized with a gases can reach. The inlet velocity magnitude of the gas is
control-volume-based technique and are solved sequentially.11 ms™! in both cases. The main results of the numerical
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simulations are reported in Table 1 and in Figs. 4 and 5. 5. CFD analysis of the modified system

The mean temperature of the bottom flange urlecC is

in fair agreement with the arithmetic mean of the measured In the existing system, the most important heat trans-
values (172C). The temperature of the upper surface of fer contribution from the hot exhaust gases to the con-
the concrete base reported in Table 1 is the temperature ofcrete base and to the bottom flange occurs through the
the concrete upper surface internal to the vertical tube. Theair layer below the inclined steel plate. The prevalent
table shows that undeZEC the concrete temperature can heat transfer mechanism in ¢hiayer is thermal radiation.
reach 343C, while the local temperature of the surface of Therefore, the system has been modified by filling this
the bottom flange can reach 24D. A qualitative structural  layer with a low-conductivity opaque material (vermiculite,
analysis reveals that both the bottom flange dilation and the0.1 W-m~1.K~1). Then, in order to reduce the thermal con-
very high temperature of the concrete base may be causes ofluction through the steel wall of the stack, the lowest part of
cracks. the external rockwool layer, from the height of 0.20 m to the
height of 1.0 m, has been removed. Thus, the modified com-
putational domain can been obtained from that described in
Section 3.1 by removing the insulation layer geometrically
modelled. Numerical computations have been performed un-
der critical environmental condition€EC. The main results
are reported in Table 2 and in Figs. 6 and 7. The mean tem-
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Fig. 6. Temperature map of the bottom part of the stack uGHes.
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Fig. 5. Temperature of the bottom flange undé&cC.

L 1 L 1 L 1 L
0 /2 T 3n/2 2n
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Temperature values of the existing system

Fig. 7. Temperature of the bottom flange un@&cC.

Region TemperatureC
Min Mean Max
AEC Table 2
Bottom flange 149 166 185 Temperature values of the modified system ur@ie€
Upper surface of the concrete base 178 255 286 Region TemperaturgC
CEC Min Mean Max
Bottom flange 198 211 240 Bottom flange 56 58 61

Upper surface of the concrete base 224 298 343 Upper surface of the concrete base 59 91 118
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perature of the bottom flange is 58, and the maximum  have been considered as adiabaic(0). In Table 3, the

temperature thereof is much lower than°@ Moreover, temperatures of the bottom flange evaluated in the presence

the temperatures of the upper surface of the concrete basef the external pin fins are compared with those obtained in

are much lower than those obtained in the previous case (exthe absence of fins. The results reveal that the addition of

isting system undeCEC). external pin fins to the modified system yields a very small
change of the temperatures of the bottom flange.

6. Effect of pin finson the modified system
o » ) ] 7. Conclusions
The effect of external pin fins, in addition to the insertion
of an internal layer of insulating material (vermiculite) and
to the removal of the lowest part of the external rockwool
layer, has been analyzed und&C. A row of 48 inclined
steel pin fins, with a slope of 45 has been considered.

Each fin has a length of 0.28 m, a diameter of 0.03 m, .
and is placed on the wall of the tube at a height of 0.18 m crease of the bottom-flange temperature has been obtained

from the upper surface of the concrete base. In order by filling the air layer with vermiculite. This decrease has

to limit the number of nodes in the mesh (about 69000 been predicted through CFD calculations performed by Flu-

nodes), the computational domain has been reduced. Indeeo‘?”t software. The thermal analysis has suggested the optimal
only a circular sector (30wide) has been considered remedial action both in terms of economics and of impact
with a height of 0.57 m with respect to the upper surface on the system. The analysis has also allowed one to reject

of the concrete base. The reduced computational domain the installation of pin fins on the stack external surface, that
together with a detail of the mesh, is depicted in Fig. 8. would have caused considerable welding and bulkiness trou-

Under critical environmental condition€EC), the external ~ P€S. The proposed solution has been applied. Measurements
convection coefficient is.15 W-m—2-K-! and the external  Pe€rformed on the modified system have confirmed the effec-

air temperature is 50C. The inclined steel plate has been tiveness of the solution and the accuracy of the predictions
assumed as isothermal, with a temperature of’&8@vhile obtained by means of the CFD code.
all the other new surfaces, @lmed reducing the domain,

A turbine stack discharging exhaust gases to the at-
mosphere has been simulated in severe operating conditions.
The technical solution which has been proposed and adopted
is effective in eliminating dtical thermal effects. The de-
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