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Abstract

The thermal analysis of a turbine stack discharging exhaust gases tothe atmosphere is presented. The examined turbine stack belong
gas lift plant for oil extraction located in the Gulf area. The analysis has been performed because an overheating of the anchor fl
and of the concrete foundation occurred and caused small cracks in theupper layer of the foundation. A qualitative thermal analysis of th
stack has pointed out that the main cause of the overheating was the thermal radiation in the air-filled region underneath the sta
plate. Detailed calculations performed by using a CFD code (Fluent ver. 6.0.12), cross-checked with measurements taken from
shown that a significant reduction of the heat flux to the foundation could be obtained by filling the abovementioned air region with an
insulating material. The benefits of this solution are prevailing over those achievable with the installation of external fins on the sta
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

The operation of plants which include combustion t
bines implies both noise control and thermal control pr
lems [1]. In recent years, several noise control studies whic
analyze the environmental impacts of these plants have
performed [2,3]. The thermal control of steam genera
in the heat recovery steam generator of a combined–c
power plant has also been studied [4].

The aim of the analysis proposed in this paper is
determination of a method to keep the temperature of
bottom flange of a turbine stack below a given thresh
value (90◦C). The importance of this thermal control
related to the need for having a very small dilation of
bottom flange, since the thermal expansion of the fla
caused cracks in the concrete foundation.

A layout of the part of the turbine stack which is releva
in the study of the heat transfer with the bottom flange
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Fig. 1. Layout of the turbine stack.

given in Fig. 1. Exhaust gases with high temperature e
sideways in the steel stack and go up. Below the junct
the stack is split in two parts by an inclined steel plate;
lowest part is full of air. The stack base is welded with
steel bottom flange that is bolted in the concrete base.
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Nomenclature

a emissivity
AEC average environmental condition
C dimensionless constant
CEC critical environmental condition
D stack diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . m
�g gravitational acceleration . . . . . . . . . . . . . . m·s−2

h specific enthalpy . . . . . . . . . . . . . . . . . . . . . J·kg−1

hc convection coefficient . . . . . . . . . . . W·m−2·K−1

k thermal conductivity . . . . . . . . . . . . W·m−1·K−1

m dimensionless constant
n dimensionless constant
n̂ unit normal
Nu Nusselt number
p static pressure . . . . . . . . . . . . . . . . . . . . . . . N·m−2

Pr Prandtl number
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

qc heat flux due to convection . . . . . . . . . . . W·m−2

qr heat flux due to radiation . . . . . . . . . . . . . W·m−2

Re Reynolds number
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
Te external temperature . . . . . . . . . . . . . . . . . . . . .◦C
Tin inlet temperature . . . . . . . . . . . . . . . . . . . . . . . .◦C
�u velocity field . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

Uin inlet velocity magnitude . . . . . . . . . . . . . . . m·s−1

V undisturbed air speed . . . . . . . . . . . . . . . . . m·s−1

Greek symbols

µ dynamic viscosity . . . . . . . . . . . . . . . kg·m−1·s−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ0 Stephan–Boltzmann constant,
= 5.672× 10−8 W·m−2·K−4

Subscripts

D referred to the diameter
S referred to the surface
ne

lant
ted
ial
wn;
rfac
een

-
par
eat
and
ctio
dia-
the
ugh

een
ause

of
n th
the
face
ible
ion.
with
. Th
on-
the
ced
he
f fins

r

by
s.
FD
are

oef-
ndi-

FD

ison

ect
rial
ool

lar

een

flow
stack is covered by insulating material (rockwool) for o
third of its height.

The examined turbine stack belongs to a gas lift p
(i.e., a plant injecting gas into wells to get crude oil) loca
in the Gulf area. The working conditions, the mater
properties and the environmental conditions are kno
moreover temperature measurements on the external su
of the bottom flange and of the concrete base have b
performed.

The main heat transfer mechanisms in the system exam
ined are as follows. The exhaust gases heat the upper
of the stack and the inclined steel plate by convection h
transfer. The lowest part of the stack, the bottom flange
the upper layer of the concrete base are heated by condu
through the stack wall, as well as by convection and ra
tion through the internal air layer. Heat is transferred to
external environment, by convection and radiation, thro
the external surfaces of the stack.

First, a qualitative thermal analysis of the stack has b
performed. This analysis has pointed out that the main c
of the temperature increase of the bottom flange and
the concrete base is the radiation heat transfer betwee
inclined internal steel plate and the upper surface of
concrete base. Indeed, the air layer between these sur
has a very low thermal conductivity, undergoes a neglig
free convection flow, but is transparent to thermal radiat
As a consequence, the replacement of this air layer
an opaque insulating material appears as necessary
axial heat conduction in the wall of the stack yields a n
negligible contribution to the temperature increase of
bottom flange. This contribution can be significantly redu
by removing a portion of the external rockwool layer. T
enhancement of the external heat transfer by means o
e

t

n

e

s

e

placed on the wall of the vertical tube should yield a mino
contribution to the thermal control of the bottom flange.

The qualitative thermal analysis has been validated
means of numerical simulationsof the heat transfer proces
These simulations have been performed by using a C
code (Fluent ver. 6.0.12). The main steps of the analysis
the following:

(1) estimate of reasonable convection and radiation c
ficients necessary to impose thermal boundary co
tions;

(2) discretization of the computational domain and C
modelling;

(3) thermal analysis of the existing system and compar
of results with experimental data;

(4) analysis under critical conditions of the combined eff
due to the addition of internal opaque insulating mate
and to the removal of a portion of the external rockw
layer;

(5) study of the effect due to an additional array of circu
pin fins placed on the external surface of the tube.

2. Estimate of convection and radiation coefficients

The convection coefficienthc for the heat transfer from
the external surface of the stack to external air has b
evaluated as

hc = k

D
NuD (1)

wherek is the thermal conductivity of the external air,D is
the diameter of the stack andNuD is the circumferentially
averaged Nusselt number. With reference to transverse
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around an infinitely long cylinder,NuD has been estimate
by means of Zhukauskas’ correlation [5],

NuD = CRem
DPrn

(
Pr

PrS

)1/4

(2)

where n is a dimensionless constant which depends
the Prandtl numberPr, while C and m are dimensionles
constants which depend on the Reynolds numberReD . The
latter is defined as

ReD = V D

ν
(3)

whereV is the undisturbed air speed andν is the kinematic
viscosity of air. All physical properties are evaluated at
external air temperature [6], exceptPrS , which is evaluated
at the mean temperature on the external surface of the s
For air, the Prandlt number is a constant with value 0.71.
Therefore,n = 0.37 and Eq. (2) reduces to

NuD = 0.88C Rem
D (4)

The stack diameter isD = 2.4 m.
The external convection coefficient has been evaluate

two different conditions:

Average Environmental Condition (AEC). The wind speed
corresponds to the arithmetic mean of the measured va
3.0 m·s−1; the external-air temperature corresponds to
arithmetic mean of the measured values, 42◦C;

Critical Environmental Condition (CEC). The wind speed
is very low, 0.2 m·s−1; the external-air temperature is 50◦C.

In both cases, the mean temperature on the exte
surface of the stack has been assumed equal to 10◦C.
Under these conditions, the results are as follows:

AEC → NuD = 577→ hc = 6.56 W·m−2·K−1

CEC → NuD = 102→ hc = 1.15 W·m−2·K−1 (5)

The external radiation heat transfer coefficient has bee
evaluated by assuming an emissivity 0.8 for the stack–skir
(smoked) steel as well as for the concrete surface,
an emissivity 0.2 for the external surface of the therm
insulation. The thermal radiation heat transfer between
inclined internal steel plate and the concrete base has
evaluated with an emissivity 0.8 of both surfaces.

3. CFD modelling

3.1. The computational domain

In Fig. 2, a drawing of the computational domain and
its mesh is reported, with reference to the existing syst
The upper surface of the concrete base has been ass
as the zero-height plane. A part of the vertical tube,
to the height of 5.0 m, has been selected, together wi
part of the lateral inlet pipe with length 3.0 m. Both du
.

,

l

n

d

Fig. 2. Computational domain of the existing system.

have been considered as constant-section circular tubes
a diameter of 2.4 m. The height of the inlet-pipe bott
has been considered equal to 1.125 m. Starting from
bottom flange, a 0.20 m high portion of the vertical tu
is free of insulation. Then, in a 0.80 m high portion of t
vertical tube, the thermal insulation has been modelle
a 0.20 m thick layer around the tube. In the upper par
the computational domain, the thermal insulation has b
taken into account through the thermal boundary condition
The inclined steel plate has been considered with a minimum
height of 0.51 m and a maximum height of 0.64 m. T
bottom flange is a circular ring 0.035 m thick with an intern
diameter and an external diameter of 2.4 m and 2.7
respectively. The concrete base has been modelled as
with a square section of 3.5 m×3.5 m and a height of 1.7 m
its bottom surface has been assumed adiabatic. The nu
of nodes in the mesh is 46036.

3.2. Governing equations

In this section the physical assumptions, used to inve
gate the stack system, are briefly discussed. Non-isothe
incompressible flows have been considered in both par
the stack, although in the closed region under the incli
steel plate the flow is assumed to be laminar while in
upper part it is assumed to be turbulent. The conserva
equations for mass, momentum and energy for incompr
ible flows have been solved in both regions. The equation
the mass conservation, or continuity equation, can be wr
as

∇ · �u = 0 (6)

where �u is velocity field. The equation for the momentu
conservation in an inertial reference system is described

∂

∂t
(ρ �u) + ∇ · (ρ �u�u) = −∇p + ∇ · (µ∇�u) + ρ �g (7)

whereρ is the density,p is the static pressure,µ is the
molecular viscosity andρ �g is the gravitational body force
The energy equation is solved in the following form:

∂

∂t

[
ρ

(
h + u2

2

)]
+ ∇ ·

{
�u
[
ρ

(
h + u2

2

)
+ p

]}

= ∇ · (k∇T ) (8)

whereh is the specific enthalpy,k is the thermal conductivity
and T is the temperature. Internal thermal radiation h
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transfer has been taken into account in the closed re
under the plate only between the inclined steel plate and
concrete base.

Turbulent flows are characterized by fluctuating vel
ity fields. These fluctuations mix the transported quanti
such as momentum and energy and can be of small s
and high frequency. Therefore turbulent flows are too c
putationally expensive to be simulated directly in practi
calculations. On the other hand, the instantaneous e
governing equations (6)–(8) can be averaged in time
in space or otherwise manipulated to remove these s
scales, resulting in a modified set of equations that are c
putationally less expensive to solve. However, the modi
equations contain additional unknown variables. Then,
ditional turbulence equations are needed to determine t
variables in terms of known quantities. The standardk–ε

model, proposed by Launder and Spalding [7], has been
sen. It is a semi-empirical model, and the derivation of
model equations relies on phenomenological considerat
It is based on model transport equations for the turbule
kinetic energy,k, and its dissipation rate,ε.

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

∂

∂t
(ρh) = ∇ · (k∇T ) (9)

3.3. Boundary conditions

The system of conservation equations must be sup
mented with appropriate boundary conditions. Fig. 3 sh
separately the boundary conditions for the energy equa
(left) and for the continuity and the momentum equatio
(right). The valueTin is the temperature of the inlet flow,Tn̂2

is the partial derivative ofT along the normal̂n2, andq is
the heat flux per unit area. The heat fluxesqc andqr are due
to the convection and radiation, respectively. They have b
evaluated in the following form

qc = hc(T − Te) (10)

qr = aσ0
(
T 4 − T 4

e

)
(11)

where Te is the external temperature,a is the emissivity
of the surface andσ0 is the Stephan–Boltzmann consta
In Fig. 3 Uin is the magnitude of the velocity compone
normal to the inlet surface and�un̂2 is the partial derivative o
�u evaluated along the normaln̂2. According with Launder
and Spalding [7], turbulent kinetic energy and its dissipat
rate have been chosen to be constant and unitary on a
open boundaries.

3.4. Numerical algorithms

The numerical algorithm adopted in the stack simulat
is as follows. A segregated solver has been used, wher
governing equations of Section 3.2 are discretized wit
control-volume-based technique and are solved sequent
t

-

.

.

Fig. 3. Boundary conditions of the existing system.

The set of non-linear governing equations is linearized a
stationary solution is considered. Velocity field compone
are first evaluated and then a “Poisson-type” equa
for the pressure is solved to obtain a correction for
pressure, in order to satisfy the continuity and momen
equations. Turbulence and temperature equations are
solved using the updated values of other variables. Du
the non-linearity of all the equations, this loop is repea
until convergence is achieved. Scalar variables, includ
the velocity components, are located at cell center
their value at cell faces is obtained with a second-or
upwind scheme. All equations are solved with an Algebr
Multigrid (AMG) technique, in particular a fixed V-cycle ha
been adopted for the Poisson’s equation for the pressure
a Flexible cycle for the other transport equations. Und
relaxation factors have been considered to control the ch
of the physical variables during each iteration.

4. CFD analysis of the existing system

The thermal behavior of the existing system has been
ulated numerically under average environmental condition
(AEC), in order to check whether the model yields the m
sured temperature values at the bottom flange, as we
under critical environmental conditions (CEC). UnderAEC,
the external convection coefficient is 6.56 W·m−2·K−1, the
external air temperature is 42◦C. Moreover, underAEC the
inlet temperature of exhaust gases is 500◦C, i.e., the temper
ature of the exhaust gases under normal operating condi
of the gas lift plant. UnderCEC, the external convectio
coefficient is 1.15 W·m−2·K−1, the external air tempera
ture is 50◦C and the inlet temperature of exhaust gase
580◦C. The latter is the highest temperature that the exh
gases can reach. The inlet velocity magnitude of the ga
11 m·s−1 in both cases. The main results of the numer
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simulations are reported in Table 1 and in Figs. 4 and
The mean temperature of the bottom flange underAEC is
in fair agreement with the arithmetic mean of the measu
values (172◦C). The temperature of the upper surface
the concrete base reported in Table 1 is the temperatu
the concrete upper surface internal to the vertical tube.
table shows that underCEC the concrete temperature c
reach 343◦C, while the local temperature of the surface
the bottom flange can reach 240◦C. A qualitative structura
analysis reveals that both the bottom flange dilation and
very high temperature of the concrete base may be caus
cracks.

Fig. 4. Temperature map of the bottom part of the stack underAEC.

Fig. 5. Temperature of the bottom flange underAEC.

Table 1
Temperature values of the existing system

Region Temperature◦C

Min Mean Max

AEC
Bottom flange 149 166 185
Upper surface of the concrete base 178 255 28

CEC
Bottom flange 198 211 240
Upper surface of the concrete base 224 298 34
f

f

5. CFD analysis of the modified system

In the existing system, the most important heat tra
fer contribution from the hot exhaust gases to the c
crete base and to the bottom flange occurs through
air layer below the inclined steel plate. The preval
heat transfer mechanism in this layer is thermal radiation
Therefore, the system has been modified by filling t
layer with a low-conductivity opaque material (vermiculi
0.1 W·m−1·K−1). Then, in order to reduce the thermal co
duction through the steel wall of the stack, the lowest par
the external rockwool layer, from the height of 0.20 m to
height of 1.0 m, has been removed. Thus, the modified c
putational domain can been obtained from that describe
Section 3.1 by removing the insulation layer geometric
modelled. Numerical computations have been performed
der critical environmental conditions,CEC. The main results
are reported in Table 2 and in Figs. 6 and 7. The mean

Fig. 6. Temperature map of the bottom part of the stack underCEC.

Fig. 7. Temperature of the bottom flange underCEC.

Table 2
Temperature values of the modified system underCEC

Region Temperature◦C

Min Mean Max

Bottom flange 56 58 61
Upper surface of the concrete base 59 91 11
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perature of the bottom flange is 58◦C, and the maximum
temperature thereof is much lower than 90◦C. Moreover,
the temperatures of the upper surface of the concrete
are much lower than those obtained in the previous case
isting system underCEC).

6. Effect of pin fins on the modified system

The effect of external pin fins, in addition to the inserti
of an internal layer of insulating material (vermiculite) a
to the removal of the lowest part of the external rockw
layer, has been analyzed underCEC. A row of 48 inclined
steel pin fins, with a slope of 45◦, has been considere
Each fin has a length of 0.28 m, a diameter of 0.03
and is placed on the wall of the tube at a height of 0.18
from the upper surface of the concrete base. In o
to limit the number of nodes in the mesh (about 690
nodes), the computational domain has been reduced. In
only a circular sector (30◦ wide) has been considere
with a height of 0.57 m with respect to the upper surfa
of the concrete base. The reduced computational dom
together with a detail of the mesh, is depicted in Fig.
Under critical environmental conditions (CEC), the externa
convection coefficient is 1.15 W·m−2·K−1 and the externa
air temperature is 50◦C. The inclined steel plate has be
assumed as isothermal, with a temperature of 580◦C, while
all the other new surfaces, obtained reducing the domain

(a) (b)

Fig. 8. Reduced computational domain (a) and mesh of the upper
thereof (b).

Table 3
Temperature values comparison underCEC

Region Temperature◦C

Min Mean Max

Bottom flange (system with fins) 56 61 65
Bottom flange (system without fins) 57 63 68
e
-

,

,

have been considered as adiabatic (q = 0). In Table 3, the
temperatures of the bottom flange evaluated in the pres
of the external pin fins are compared with those obtaine
the absence of fins. The results reveal that the additio
external pin fins to the modified system yields a very sm
change of the temperatures of the bottom flange.

7. Conclusions

A turbine stack discharging exhaust gases to the
mosphere has been simulated in severe operating condi
The technical solution which has been proposed and ado
is effective in eliminating critical thermal effects. The de
crease of the bottom-flange temperature has been obt
by filling the air layer with vermiculite. This decrease h
been predicted through CFD calculations performed by
ent software. The thermal analysis has suggested the op
remedial action both in terms of economics and of imp
on the system. The analysis has also allowed one to r
the installation of pin fins on the stack external surface,
would have caused considerable welding and bulkiness
bles. The proposed solution has been applied. Measurem
performed on the modified system have confirmed the ef
tiveness of the solution and the accuracy of the predict
obtained by means of the CFD code.
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