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THE INITIAL EFFECTS OF WATER JET
CLEANING ON SUPERHEATER TUBES

by

M H Melksham

SUMMARY

A finite element transient heat-conduction analysis was carried out to
determine the temperature distribution at selected time-steps for a
superheater tube subjected to localised surface quenching. Initially,

a 2D analysis was undertaken so that alternalive time-stepping schemes
could be assessed and also sensitivity to temperature dependent material
properties could be investigated. Then a 3D heat conduction analysis
was carried out and the temperatures from this were used to determine
the elastic stresses in the tube at the corresponding time stations.

The linear elastic stress analysis, although being 3D was reduced to the
superposition of a number of harmonic 2D analyses in order to investigate
the economy of this approach to this type of problem.

ALl computing was carried out on the CDC 6400 at the Adelaide University
Computing Centre.
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1 INTRODUCTION

The use of finite elements for transient heat-conduction analysis

and the determination of thermal stresses is well established. A
means is provided by this method for obtaining answers to engineering
problems which could not be obtained from alternative analytical
solutions because of complex boundary conditions and material
properties. Such a problem occurs in the on-load, water jet deslagging

of furnace and superheater tubes.

Power stations in the State of Victoria operate primarily on brown

coals from the Latrobe Valley obtained by open cut dredging. Combustion
of the brown coal unfortunately results in the build-up of deposits

on the furnace and superheater tubes leading eventually to a severe
reduction in the efficiency of the heat transfer process. On-load
cleaning of the furnace tubes is carried out effectively by using the
impingement of water jets to quench and break away the offending surface
deposits. This water washing process consists essentially of feeding

a rotating water lance into the furnace so that the impinging water

jets create an increasing spiral quench path on the furnace wall as

indicated in Figure 1.1.% The velocity v varies from 0.1 to 1.0 m/s
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FIGURE 1.1 : Water washing of tubes.



Regions of a furnace wall cleaned by this water washing operation
have maintained a constant heat absorption rate for long periods
whilst uncleaned parts of the wall suffered a 75 per cent reduction
in flux density after 500 hours. Extension of the water washing
process to superheater tubes 1s being examined and laboratory tests
carried out by the State Electricity Commission of Victoria (SECV)
have shown that repeated heating and quenching of tube samples leads
to thermal fatigue cracking at the surface with the possibility of
eventual tube failure. A number of experimental studies have been
undertaken by the SECVI" to determine the characteristics of crack
depth and crack growth produced by cyclic heating and quenching of

various tube steels at a number of different temperatures.

The on-load water washing process involves a number of parameters that
can be controlled and which determine simultaneously the effectiveness
of the cleaning operation and the severity of the quench. These
parameters are being Investigated experimentally by the SECV and they
include jet size and velocity, probe entry velocity and speed of
rotation, the requirement being to determine the optimum combination
to produce maximum cleaning with minimum damage to the tubes. Thermal
fatigue tests are time consuming and involve a large number of quench
cycles and are therefore limited in the extent to which parameters can
be varied. By carrylng out a theoretical analysis of the initial
effects of the quenching operation, to determine the variation of
temperatures and stresses with time, certain guidelines for experimental

investigation may be obtained.



Three-dimensional finite element analyses generally are expensive in
terms of computer time because of the large number of equations to be
solved and this is particularly so for transient analysis where the
process 1s repeated for each time station. For this reason various
ways of simplifying the problem were investigated in an attempt to

obtain a more economical, if somewhat less rigorous solution.



2 HEAT CONDUCTION USING FINITE ELEMENTS
2.1 General Theory

The equation for transient heat conduction in substances with

temperature dependent material properties may be written as:

ot _ [ 21}, 2 [ 2T) , 2 [ 2T
Pe e T Bx [k 8x]+8y [k ay]+az [k 32]+Q (1)

where pc is the heat capacity, k the thermal conductivity and Q is

the rate of internal heat generation.

The physical conditions of a particular problem will impose certain

boundary conditions, the most common being:

a T = T, on a boundary where the temperature is specified;
aT aT oT ,
b k[ax 1x + By 1y + 52 lz] + q. 0 for heat flow across a boundary:

where 1., 1y and 1, are the direction cosines of the normal to the
boundary and q, represents the rate of heat flow per unit area due

to convection.
q. = h(T-Ty)

where h is the surface conductance and Ty is the ambient fluid

temperature.

The spacewise discretisation of equation (1) subjected to the boundary
condition (a) and/or (b) can be accomplished using the steady-state
variational form as shown by Zienkiewicz and Cheungl or by Galerkin's

Method as described by Zienkiewdicz et al2,3,



Let the unknown temperature T throughout the solution domain be

approximated by the relationship

Ni(x’y’z) Ti(t) (2)

H
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where Nj are the usual shape functions, and Ty are the nodal
temperatures., The simultaneous equations for the solution of n
values of Ty are obtalned by equating to zero for each node the
weighted and integrated residual, resulting from the substitution of

equation (2) into equation (1). Thus, for the ith equation:

n
[nael (ead) + o g + 5 )] ]y
R
3 n
+Q - pc == Z N4Ty} dxdydz = 0 (3)

where the welgﬁhng function is made equal to the shape function
In this form second derivatives appear in the integral imposing
unnecessary continuity conditions between elements and use can be

made of Green's Theorem to modify equation (3) giving' for a thermally

'isotropic material
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S is the external surface area
Only first order derivatives now have to be integrated and only

continuity of shape functions have to be imposed.



Then equations (4) can be written in matrix form as:

[u] {T} + [P] {T} + {F} = o0 | (5)

where

+ZJNithdA (6)
SE

where summation covers contribution of each element and E is the element region

Pyj = ) f pc NyNy dxdydz @)

E
' Terms containing h are obtained by identifying the

last term in equ (4) with the imposed boundarv condition

Fi=—szidedydz—ZJNihTadA (8)
E SE

SE refers to elements with an external surface boundary condition specified

For the particular problem being considered there is no internal
heat generation, i.e. Q = 0. The above equations are derived using
Galerkin's Method but the same result is obtained using the variational

form involving the minimisation of a functionmal.

2.2 Program Using Isoparametric Elements

The heat conduction analysis was carried out using computer programs
with the parabolic type of isoparametric element which has 8 nodes and
20 nodes for the 2D and 3D elements respectively. It was necessary
for the particular problem being considered to incorporate into the
available programs the facility to cover heat flow across a boundary
and also to add an iterative procedure to deal with temperature
dependent material properties as described in Sections 2.3 and 2.4.
The programs were also adapted to enable alternative time-stepping

schemes to be used in the solution as described in Section 2.5.
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The 1isoparametric element? shown in Figure 2.1 is widely used and
has a local system of curvilinear co-ordinates £, n and r with
adjacent faces having values of t1. These co-~ordinates are related

to the cartesian global system by the shape functions N for the 3D

element in the following manner:
x = [N3, No, eeeees Nogpl X3
X2
X20
where x; 1s the x co-ordinate of node 1 for the element etc.

This can be abbreviated to:

x = [N]{x}®

and similarly,

[N]{y}®

<
I

N
]

[N]{z}® (9)

In the same way the temperature at any point within an element is

prescribed in terms of the same shape function by
T = [N]{T}® (10)

where {T}€ is the nodal temperature vector.



The curvilinear system of local co~ordinates for an element allows
the Gaussian Quadrature method of numerical integration to be used
in forming the matrices H, P and F given in equations (6), (7) and
(8). To derive these matrices some transformations are required to

obtain the derivatives:

rBNi‘ raNi\
ox 3E
oN N
i _1 i
P - )
! 3y & [J] an g where [J] is the Jacobian.
BNi aNi
LBZ/ L ac/
ox 3y 3z]  [aN]
3 93& 9 3E
= -21—{- -gz. _QE. = _aﬁ e e e
[7] an an on an| (15, (315, {21°]
ax 3y 2zl (BN
9z ot 9] | 3¢z |

Elements of volume become
dxdydz = det [J] d&dndg

The H, P and F matrices when determined are used in a time-stepping
scheme to determine the nodal temperatures at the prescribed time
increments. Assembly and solution of the equations was performed

using the front solution technique".

2.3 Heat Flow Across a Boundary

This facility was incorporated for the 2D and 3D analysis and a
description will be given for the latter case. If the heat flux

across a boundary is proportional to the temperature difference

(11)

(12)

(13)
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between the surface and the surrounding medium then it 1s given by
h(T-T,), where T, is the temperature of the medium and h is a
constant known as the coefficient of surface heat transfer or the

surface conductance. The boundary condition may then be written as:

T B
kg + h(T-Ty) = 0

When using finite elements for a heat-conduction analysis, iteration
to satisfy this boundary condition is unnecessary even though the
temperature gradient normal to the boundary and the temperature at the

boundary are both unknown. As indicated in Section 2.1 appropriate

additions to the H and F matrices for the element boundary in question,

allows a solution to be obtained directly which will satisfy the
required boundary flow condition. The additions to the H and F

matrices obtained from equations (6) and (8) are respectively

Y J Ny h Ny dA and ) I N; h T, dA

For linear 2D elements these integrations may be performed explicitly
as shown by Cheung and Medwell® but for the parabolic isoparametric
elements used for this analysis, it was necessary to use the Gauss
Quadrature method of numerical integration. The procedure used was
to specify with input data the number and face of each element
subjected to the boundary heat flux. The integrands in equation (15)
were determined at nine Gauss points on the specified boundary
gsurface of the 3D element, multiplied by a weighting function, and
summed to complete the integration. This was then added to the
appropriate coefficients in the H and F matrices. A transformation

to obtain the element of surface area dA in local co-ordinates was

(14)

(15)
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required for the integration and this depended on which face of

the element formed the boundary. TFor example, if face 3 in Figure 2.1
was subjected to a boundary heat flux then the element of area in
Equations (15) can be determined from the vector product in the

following manner:

dA = EE x dn

oy 3z ox 2z ax 3y
3f dE 0E 9E 9t 9dE
= % -9 + 2 (16)
oy oz ax 2z ax 2y
an  9n an  9n an 9N

where %, § and 2 are the cartesian unit vectors, and the derivatives

can be obtained from equation (12).

2.4 Temperature Dependent Material Properties

The properties of two alloy steels used for superheater tubes are

given in Table 3.1. To include, and investigate the sensitivity of
solutions to the temperature dependence of material properties, an
iterative procedure was incorporated into the programs in the following
manner. For each time increment the properties at the known initial
temperatures were used to form the H and P matrices of equation (5).
Then using a time-stepping scheme the temperatures were determined at
the end of the time increment. The mean temperatures for this increment
were then found and the corresponding properties used to obtain a new
solution which was then compared with the previous solution. If all the
nodal temperatures were found to lie within a specified 1limit, then the
procedure moved on to the next time step, otherwise the iteration was

continued.
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The Gauss method of numerical integration used for the isoparametric
elements required that the functions to be integrated were determined

at each of the Gauss points. The number of Gauss points used were

9 for the 2D elements and 27 for the 3D elements, enabling a good
representation of material property variation to be included in the
analysis. The temperatures at Gauss points were easily determined using
equation (10) by substituting the local co-ordinates of the point

into the shape function. Therefore the values of conductivity, density
and specific heat contained in the functions to be integrated were

taken at the temperature of each Gauss point as it was considered.

The iteration process described above was used for the two-level
time-stepping schemes but it was found that this could be avoided by
using an alternative three-level scheme. Details of the different

schemes compared using the 2D analysis are given in the next section.

2.5 Time-Stepping Schemes

2.5.1 General

Solutions to the transient heat conduction equation (1) are governed
by the system of first-order linear differential equations (5).

Initial values of the temperature T at time t = 0 are generally
specified and a numerical recurrence process or time-stepping scheme

is required to determine the solution at subsequent times. A number

of alternative schemes can be used, the requirement being a combination
of efficlency and accuracy. The use of such schemes applied to the
transient heat conduction equation has been examined by a number of
researchers including DONEA®, COMINI and DEL GUIDICE’ and also WOOD

and LEWIS®.
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The three schemes that were used for the 2D analysis will now be

described.

2.5.2 Crank-Nicolson Scheme

If it is assumed that temperatures vary linearly with time during
an arbitrary time interval At, the integration of equation (5)

between times t and t + At gives:
[H] ({Te} + {Teppe})/2 + [P] ({Tpype} - (T} /8t =—({F ) + (Fyyp 372 (17)

which is the Crank-Nicolson algorithm. This equation can also be

obtained by taking a central finite difference to approximate equation (5).
It 1s of unconditional stability although requiring iteration within

each time step for temperature dependent properties so that mid-interval

values can be assigned to [H] and [P], i.e. [H] = [H](t+At)
2

Equation (17) can be rewritten as:
(5 0] + o= [21) {Tppaed = -(5H] - 55 [P1) (T} = H((F} + (Frpyy) (18)

From this a solution for the nodal temperature vector {Tt+At} can be
obtained and used as the initial temperatures for the next time

increment.

2.5.3 Galerkin Scheme

The Galerkin process can be applied to the matrix differential
equation (5) and alternative integration schemes derived. This can
be done by dividing the time dimension into 'finite elements' as
described by ZIENKIEWICZ and PAREKH? to get

k
{1} = § Ng(t) {1} where s are time stations.
s=0
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Using the Galerkin process a weighted residual equation is obtained:

t

BNg
fNS([H] I Ng (T} + [P] ] —7 (T} + {F(t)}dt = 0 (19)
(o]

This on integration gives suitable recurrence relations.

If only initial and final states are considered in

a linear variation of temperatures then,

{1,
T = [NO’ N]_]
{T,}]
where N, = (At - t)/At and N; = t/At

The time derivative is,
; aN, oM, [{Toﬂ
T = |37 3¢ {T1}

. {To}
= LD [{Ti}]

a time region with

(20)

(2D)

(22)

{I,} is known so that only one weighted residual substitution is required.

Substituting equations (21) and (22) into equation (5) multiplying by

N7 and integrating gives

At
N oNg | |
[t o [5] - o 32 S [ 3

0

At :

t At - t t {T.} 1 _
J At [[H] [‘ At ? E‘EJ [{Tg}] + [pr] it [-1, 1] l:
0

] + {F(t)})dt = 0

%ggi] w {F(t)}]dt = 0
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(F, +2rF;) = 0

W~

1 2 P
[H] [3T°+—3-T1J ke (ry - 1) +

giving for T, = T, and T; = Tiqpee

[—_3; (6] + 5o [P]] (Teppe} = —[% 1] - = [P]]“Tt...%_ [EREETEN et

For temperature dependent properties [H] and [P] can be given their

mid-interval values by carrying out an iteration at each time step.

2.5.4 Three-Level Scheme

To avoid an iteration within each time step an unconditionally stable
three-level scheme proposed by LEES® can be used. Assuming the
temperature varies linearly in the time interval between t-At and t+At

equation (5) can be approximated as:

1 1

3 [Hel ({Tt+At} + T} + {Tt—At}] + [Pl [{Tt+At} - {Tt—At}] e T e = 0
in which only central values of matrices H, P and F occur.

This equation can be written in the form

'1 1 _ 1 1 1

L+ ghp eel] T = -3 ma - (3w - i ) T - R

vo. (24)

If the temperature vector is known at two consecutive time steps then
the prediction can be obtained explicitly without iteration. Normally
the scheme is not self-starting because only the initial temperatures
are known. This was overcome by using the Galerkin siheme with
iteration for the first time step and then reverting to the three-level

algorithm for subsequent intervals.
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3 HEAT CONDUCTION ANALYSIS OF A SUPERHEATER TUBE

3.1 Boundary Conditions

The cross—-section of the superheater tube under consideration is shown
in Figure 3.1. To approximate the process of on-load water washing,
which consists essentially of a localised impingement of a water jet on

the tube outer surface, the following boundary conditions were used:

a A uniform initial temperature of 500°C was specified

throughout the tube.

b The inner surface of the tube was assumed to remain at
constant temperature and was therefore prescribed to be
500°C for all time stations in the analysis. This
assumption was made on the basis of a continual steam flow
in the tube and a short period of contact between the

water jet and any one part on a tube.

c Influx of heat across the outer boundary adjacent to the
quench region was neglected and assumed to be negligible

for the period being considered.

d The area of the cooled region used was taken as being
representative of the water jet impingement and the shape
of this area was assumed to be of secondary importance
provided the rapid localised cooling effect was achieved.
For the axisymmetric analysis described in Section 3.3 the

' quench area was circular in shape whilst for the 3D analysis
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of section 3.4 the quench area was square-shaped as

shown in Figure 3.13.

In practice the quench region

would progress along a tube with each pass of the

water jet as the rotating lance was advanced inwards

as indicated in Figure 1.1.

TABLE 3.1 MATERIAL PROPERTIES
STEEL TYPE
2,25% Cr, 1% Mo 17 Cr, 0.5% Mo
TEMPERATURE 100°¢c 500°C 100°C 500°C
PROPERTY
preERe i ConCucELva Ly 37.6 35.2 45.5 37.6
(w/m°C)
Density
(t/m3) 7.85 7.71 7.8 7.67
Specific Heat .
(kJ/kg°C) 0.490 0.678 0.490 0.678
Coefficient of Thermal Expansion
(°C x 10-6) ‘ 11.9 15.7 12.3 15.2
Young's Modulus
(GPa) 212 179 210 179
54 mm O0.D.
7.6 mm Wall
Thickness
FIGURE 3.1 : Superheater tube section




18

e Symmetry was used to reduce the size of the problem by
means of the non-conducting boundaries that exist in the

finite element analysis unless otherwise specified.

f The value of Ta in equation (8) was taken as being 100°C.
This represents the temperature of the water jet striking
the tube surface and is assumed to remain constant for
the quench duration and unaffected by the presence of any

steam generated on contact.

3.2 Two-Dimensional Analysis

To examine the effects of a simplified approach and also to provide an
economic means of investigating various points of interest, the initial
analysis carried out was 2D. The finite element mesh used for this is
shown in Figure 3.2 with the cooled region indicated. The 2D analysis
represents the case of an infinite tube being quenched over a part of
the outer surface extending along the entire length. Comparisons can
be made later with results from a 3D analysis considering a finite

quench length.

Three time-stepping schemes were directly assessed using the 2D analysis,
also the effect of varying the surface conductance was investigated and
finally an alternative superheater tube steel having different material

properties was examined.

3.2,1 Comparison of Time~Stepping Schemes

The three time—~stepping schemes described in Section 2.5 were used enabling

comparisons of accuracy and solution times to be made. Exact analytical
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solutions to the problem under consideration were not available but it
was recognised that convergence to the true solution would occur with
reduction in the time increment used in the time-stepping. Each of the
schemes was, therefore, applied to the problem using 100 steps with
intervals of 0.01 seconds and the temperatures obtained were found to
agree within 1°C. This solution was taken as a reference when comparing

results from the three schemes for larger time increments.

Results showing temperature variation through the thickness of the tube
at the centre of the quench region are plotted in Figures 3.3 and 3.4
for the three schemes using time intervals of 0.1 and 0.2 seconds
respectively. The solution times for 10 steps of 0.1 seconds were

90 seconds for both the Galerkin and the Crank-Nicolson schemes and

57 seconds for the three-level scheme. The allowable temperature
difference specified in the iteration procedure was 1°C and this was
found to require two iterations at the first time step and a single
iteration at all subsequent steps for the Galerkin and Crank-Nicolson
schemes. For the three-level scheme, two iterations were required for
the first time step only with no further iteration at the following

steps as described in Section 2.5.4.

The results showed little difference in accuracy between the Crank-Nicolson
and Galerkin schemes, although a slight reduction in accuracy was apparent
for the three-level scheme. For the subsequent 3D analysis, the Galerkin
scheme with iteration was used in preference to the three-level scheme in
order that improved accuracy could be obtained at the expense of extra
solution time. The three-level scheme can be seen, however, to offer an
economical means of taking temperature dependent properties into consid-
eration and would be suitable for certain engineering problems where the

slight reduction in accuracy would not be of great consequence.
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3.2.2 Temperature Dependent Material Properties

The necessity to take into account the variation of conductance, density
and specific heat of a material with temperature depends on the extent

to which these variations occur for the temperature range in the problem
under consideration. Table 3.1 shows the variation of properties for two
superheater tube steels. It can be seen that the variation in thermal
conductivity is substantially less for the 2.25% Cr, 1% Mo steel than for
the 1% Cr, 0.5% Mo steel. The penalty for including non-linearity effects
into the analysis was the additional solution time required for iteration
when using a two-level scheme or a loss in accuracy if the three-level

scheme was used with the same time interval.

The extent to which the variation in properties affected the results was
investigated using the Galerkin scheme by firstly carrying out the analysis
using constant properties based on temperatures of 300°C and 500°C for both
the superheater steels. Then the analysis was repeated using the iteration
procedure at each time step in the manner described in Section 2.4. Results
showing the temperature variation through the thickness at the centre of the
quench region are plotted in Figures 3.5 and 3.6 for the two steels.
Temperature differences of up to 4% were obtained from the constant

property analyses using properties at the two reference temperatures. By
taking into account the variation of the material properties it can be

seen that for this case about 2% greater accuracy was obtained.

The analysis times for 10 steps of 0.1 seconds were 50 seconds for
constant properties compared with 90 seconds for varying properties. All

subsequent work carried out was for the 2.25% Cr, 1% Mo steel.
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3.2.3 Surface Conductance

The magnitude of the surface conductance (h) in equation (14) is
dependent on the cooling medium, the material of the hot body and
the manner in which cooling is carried out. For this analysis the
value of h used was 22 800 J/m? s deg K (4000 Btu/ft? h deg F) which
is representative of steel being cooled by a strong water spray.

The value of the surface conductance was assumed to remain constant
and can be seen from equation (14) to govern the temperature gradient
normal to the cooled boundary for a particular boundary temperature.
It should be pointed out that a different or varying value of h can
be easily implemented into a finite element solution, this being an
advantage of the technique. The effect of using a higher value for
the surface conductance can be seen in Figure 3.7 where results

obtained for values of 22 800 and 45 600 J/m2 s deg K are shown.

A simple analysis check was carried out by determining the temperature
gradient on the boundary from Figure 3.7, at the time station of 0.1
seconds, and this was estimated to be 260°C/mm. Substituting this into
equation (14) together with the boundary temperature of 340°C and the

corresponding thermal conductivity of 20.86 gives:

h = (260 x 103 x 20.86)/(340-100) = 22 600 J/m2 s deg K

3.2.4 Results

Two-dimensional analysis results are given for the 2.25% Cr, 1% Mo

steel using the Galerkin scheme and a surface conductance of 22 800
J/m? s deg K. The variation of temperature through the thickness is
plotted in Figure 3.14. Isothermals plotted from the results can be

seen in Figures 3.15, 3.16 and 3.17 for times of 0.1, 0.5 and 1.0
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seconds respectively after the initiation of the boundary quench.

These results were obtained using 10 steps of 0.1 second intervals.

A further analysis using 40 steps of 0.1 second intervals was carried
out where, after the initial two seconds of cooling, the boundary
condition was changed to reheating. The results of this are shown

in Figure 3.8. TFor the purposes of this investigation the primary
concern was with the cooling condition which produces tensile stresses

at the outside surface of the tube.

Further comments on the results are given in Section 3.4.3 in

conjunction with the 3D results.

3.3 Axisymmetric Analysis

Another alternmative to carrying out a full three-dimensional analysis
would be to effectively 'open out' the tube and treat it as being a

flat plate as shown in Figure 3.9. This approximation can then be
treated as an axisymmetric problem about the centre of the quench

region effectively reducing it to two dimensions and allowing a solution
to be obtained more economically. The extent to which such an approx-
imation would approach the true solution depends on the size of the
quench area relative to the diameter D and thickness t of the tube, and
also on the time period being considered. TFor a large D/t ratio a good

approximation would be expected.

The 2D computer program was converted to cover axisymmetric heat flow.

The equation for axisymmetric transient heat conduction can be written as:

T 9 ) oT
per =% ¥ [rk 5 ] + % (rk 3;} + Q (25)



FIGURE 3.9. AXISYMMETRIC REPRESENTATION OF TUBE.



ZA «—35mm 500°C
rad .
®
© :
5
4 @ i
3 -
@
1 =SS v ;:?
zOUENCH
107 NODES
28 ELEMENTS
MAXIMUM FRONT WIDTH 14
FIGURE 3.10. FINITE ELEMENT MESH FOR AXISYMMETRIC ANALYSIS. e



32

where the 2D co-ordinates X and Y are replaced by r and z, the radial
and axilal distances. This equation can be dealt with in the same
manner as equation (1) using elements of cross—sectional area instead
of volume but with an additional radius term remaining from the 2rmr
necessary to glve the swept volume. The integrals determined in the 2D
program using the Gauss Method of numerical integration were easily
modified to include the necessary radius term by obtaining the radius

of the Gauss points as they were considered using the first equation (9).

The integrals required for the boundary flow were modified in a similar manner.

The finite element mesh used for the axisymmetric analysis is shown in
Figure 3.10, the maximum radius here being adequate for the time periods
considered. Results obtained using 10 steps of 0.1 second increments

are plotted in Figure 3.14 showing the transient variation of temperature
through the thickness at the centre of the quench region. Also Figures
3.18, 3.19 and 3.20 show isothermals for the time stations 0.1, 0.5 and
1.0 seconds respectively. Comparisons are shown with results obtained
subsequently from a full 3D analysis. The time for the axisymmetric

analysis was 36 seconds.

3.4 Three~Dimensional Analysis

3.4.1 Preliminary 3D/Axisymmetric Check

Before proceeding with a full 3D analysis of the superheater tube 1t was
decided to carry out a correlation of results obtained for an axisymmetric
problem analysed using both the axisymmetric and the 3D programs. In this
way 1t was hoped that any discrepancies existing in either of the programs,
to which certain modifications and extensions had been made, would be
revealed. Initial results did in fact lead to the detection of an error

in the new boundary flow subroutine which was subsequently corrected.
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The meshes used for the axisymmetric and 3D analysis of thils test
problem are shown in Figure 3.11, TIn this case the cooled section
of the boundary was extended completely around the circumference in
order to make the problem axisymmetric. The 3D analysis was made
considering a sector of the tube having no heat flow across the flat

side faces.

Results from the 3D and axisymmetric analyses, using 10 steps of 0.1
seconds, are shown 1in Figure 3.12 and were within 0.17 indicating

compatibility for the two approaches.

3.4.2 Mesh Generation

An algorithm was written and added to the 3D program to generate the
3D finite element mesh shown in Figure 3.13. Firstly the cylindrical
co-ordinates r, 6 and z were generated for each of the nodes. Then
the element topology, consisting of the 20 node numbers in accordance
with the node numbering system adopted, was generated for each of the

elements in turn. The ordering of the 20 nodes for each element was
made consistent by starting with a corner node and working through the
element in a clockwise direction. The method of solution used in the
program for the simultaneous equations was the 'front solution'® and
the order in which the elements were numbered governed the maximum
front width. Care was taken to keep this to a minimum to optimise the

solution in terms of time and storage requirements.

The procedure used in the solution is to consider each element in turn
and determine its contribution to the equations currently being assembled
in the storage area allocated for this purpose. The size of this area

is governed by the maximum front width for the problem being considered.

At any stage of the solution the front width is equal to the number of
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'active' nodes, i.e. nodes for which equations have been partially
assembled. When a node 1s encountered for the last time, during the
sequential consideration of the elements, the corresponding completed
equation is used to reduce the other equations being assembled and is
then eliminated allowing another equation for a newly encountered node
to be initiated. For this solution technique the node numbering

sequence is arbitrary.

The mesh used contained 288 elements, 1629 nodes and the maximum
front width was 114. An initial analysis was carried out using
elements equally distributed around the circumference of the tube.
The results from this were then used as a basis to redistribute the
elements as shown in Figure 3.13 to obtain a finer mesh in the

required area, leading to improved accuracy in the final solution.

3.4.3 Results and Observations

dist¥i£u£ions

The transient temperature through the wall of the tube at
the centre of the quench region are shown in Figure 3.14. These were
found to be the same for the 2D and 3D analysis, although this result
is recognised to be dependent on the size of the quench area relative
to the wall thickness and may not apply generally for a reduced quench
area. The axisymmetric analysis ¢an be seen to give results close to
the 3D values for the first 0.2 seconds after which divergence occurs
giving temperatures about 2.5% higher after 1.0 seconds. This can be
explained by the reduction of the volume to inside surface area ratio
caused by the 'opening out' required for the axisymmetric analysis,

and also by the difference in the shape of the quench area which was

circular for the axisymmetric analysis and square for the 3D analysis.
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The 3D results showed the maximum temperature gradient through the
tube wall to occur at the centre of the quench region A-B (Figure
3.13) and to reduce progressively towards the quench boundaries.

This can be seen in Figures 3.21 and 3.22 for the time of 1.0 seconds

and similar results were obtained for other time stations.

At circumferential and axial sections taken through the centre of

the quench area (refer Figure 4.6), the temperatures obtained from
the analysis were used to plot the isothermals shown in Figures 3.15
to 3.20. These figures show that the 2D results and the axisymmetric
results were in good agreement with the 3D results remembering that

direct comparisons could only be made at the sections shown.

Isothermals plotted from the 3D results for the outside surface of
the tube are shown in Figures 3.23, 3.24 and 3.25 for the times of
0.1, 0.5 and 1.0 seconds respectively. Temperature gradients on the
tube surface in the circumferential and axial directions from the
centre of the quench are plotted in Figures 3.26 and 3.27. The
maximum gradients can be seen to occur in the locality of the quench

boundaries, and were approximately the same in both directions.

An examination of the typical temperature distributions shown in
Figures 3.16, 3.19 and 3.24 for the 0.5 seconds time station shows
that the isothermal surfaces produced by the surféce cooling are 'dish

shaped' following the contour of the curved wall.
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A substantial central portion of the cooled region can be seen to
have no temperature gradient in the circumferential or axial
directions, such a gradient occurring only through the thickness
of the tube. The variation of the surface temperature with time,

at the centre of the quench, is shown in Figure 3.28.

The computer time for the 3D analysis using 10 steps of 0.1 seconds
was 7994 seconds. Therefore, the axisymmetric analysis time of

36 seconds represents a considerable saving in computer time and
gives a good general approximation to the heat conduction problem.

A transfer of the axisymmet?ic results to the cylinder does, however,
present certain difficulties, particularly if a subsequent stress
analysis is to be carried out. The 2D analysis time of 90 seconds
also represents a considerable saving:but here the results are

restricted to a single section through the tube.



FIGURE 3.13. FINITE ELEMENT MESH FOR HEAT TRANSFER ANALYSIS.
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FIGURE 3-23 SURFACE TEMPERATURE
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4 LINEAR ELASTIC STRESS ANALYSIS

4.1 General

It was decided to limit the stress analysis to the determination of
the linear elastic stresses corresponding to the temperatures
obtained from the 3D transient heat conduction analysis. The primary
objective of this analysis was to determine the distribution and time
dependence of the stresses resulting from the surface quench. It was
appreciated that the magnitudes of the linear elastic stresses
obtained would not be true stresses In. the vicinity of the quench

surface after the elastic limit had been exceeded.

The conventional method of carrying out a 3D thermal stress analysis
using finite elements would be to continue with the same mesh used
for the temperature analysis and to determine a thermal load vector

for the nodal temperatures at each time station.

The thermal load vector {P} would then be used to derive the nodal
displacements {8} in the normal manner from the solution of the

simultaneous equations

[K){6} = ({P}

where [K] is the conventional stiffness matrix.

The stresses can then be obtained from the nodal displacements in
the usual way. The estimated computer time required for such an
analysis when applied to this problem would be 18 000 seconds. The

extra time taken is because the stress analysis has three degrees of

(26)
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freedom at each node compared with one variable for the temperature
analysis which took 7994 seconds. Thils estimated time for the
stress analysis assumed that multiple right-hand sides, which would
reduce the solution time, could not be used because the temperature
dependent propertigs of the elasticity matrix would require a
recompilation of the stiffness matrix at each time step. It should
be noted that for tﬁis particular problem the temperature variations
caused by the surface quench were confined to a tube length of about
1% times the quench length, for the time period considered. It

does not necessarily follow that displacements and stresses would
also be confined to this length, and therefore a stress analysis would
need to consider a longer length of tube. This would be desirable
also to allow reasonable displacement boundary conditions to be
imposed. Consequently an extended finite element mesh would be

required leading to a further increase in solution time.

In an attempt to obtain a more economical solution it was decided to
investigate an altermative approach using a harmonic analysis. This
technique makes use of Fourier Series and the superposition of a

number of harmonic 2D finite element analyses to obtain a 3D solution.

4,2 Theory for Harmonic Analysis

The harmonic analysis of axisymmetric bodies with non-axisymmetric
loading allows a two-dimensional treatment of the problem and was
first used by WILSON10, The procedure of resolving displacements

and loads into Fourier Series is used in the analysis of shells and
also in the finite prism method introduced by CHEUNG!!. A description
of the application to axisymmetric bodies 1s given in the text by

ZIENKIEWICZS.
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The elements used for the analysis were the eight node parabolic
isoparametric type and where necessary the theory will be related
to this element. For an axisymmetric body the three components

of displacement u, v and w are shown in Figure 4.2. These dis-
placements can be described in a series form along the curved
dimension of the body while maintaining a finite element repres-—
entation in the cross-section. In this way a 3D problem can be
reduced to a series of uncoupled 2D analyses. For each harmonic

a 2D analysis is carried out with the nodal displacement amplitudes

for the harmonic being the unknowns.

If the displacements are symmetric about 6 = 0 we can write

u = Z u, cos nb
n=0
o
v = Z v, cos nb
n=0
=]
w o= Z W, 8in né
n=0

where n is the harmonic number.

Similarly the temperature at any point on the nodal circle i shown

in Figure 4.2 can be expressed as:

(=3
t = Z ti, cos nb
n=0

where the temperature coefficients for node 1 can be determined from

(27)

(28)
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2
t, = =
™

in t cos nb6 dé n>20

O3

and (29)

m
| N
tio—?ftde n=20
0

The displacement amplitudes at any point within an element, for the

nth harmonic can be expressed in terms of the shape functions

[N] as
U
{£,} = Jvy| = [N1{s_} (30)
Vin
where
[N] = [N7I3, NpIg, wevevenronnernnnuras Ngis]

T
(6,30 = {ugps Vips Wi eeeveeeclgys V

[I3] is a (3x3) unit matrix.

From equations (27) and (30) the total displacements at any point
within an element can be written in terms of the nodal displacement

amplitudes as

7~ =
@ 8
Z X Ny uyy cos né
n=0 i=1
u o 8
(£} = vy =9 } Y Ny Vin COS N (31)
w n=0 i=1 r
- 8
) } Ni wy, sin nd
n=0 i=1
~ J
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Differentiating equations (31) and substituting in (32) gives

{en} =

[B,1{6,}

where the submatrix [Bj,] for node i is

[-B:I.n:|

L

Ny

3 cos nb

Ny :
——cosn
r

oN
-1 s nb
y

- = sin no
T

aNi
—— cos nb
y

aN

- cos nb
or

- ——i, gin no
r

It is convenient to separate this as

[Bin]l = []-Sin] cos nb + [Ein] sin né

oN N
[—i - ——i} sin no
or r

(32)

(33)
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where
[, B ]
—= 0 0 0 0
or
AN
0 —= o0 0 0 0
ay
N aN
A o e 0 0 0
B = (B ) =
1; in
n Ny WMy 0 0 0
9 or
y o nNi ani
0 0 0 B 8y
_ oN N, N
0 0 0 wdi g [—i " —i-]
| ] B r or r )

The linear elastic stress-strain relation can be written as
{c} = D] (e} - {e ) (34)

where [D] is the elasticity matrix which for an isotropic material takes

the form
(1-v) v v 0 : 0 0 i (511 il
(1-v) v 0 :0 0 :
—— E (I1-v) 0 : O 0 - :
©1 = T T | G 00 z 33
(;5_\)) 0 .............
St (s-v) Dy

{eo} is the initial strain vector and for thermal strains at node i

(-]

'{eo} = ) ty, cos nd {a} (36)
n=0

where

{a} = ¢ o - coefficient thermal expansion

OCOoOOR LR
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By the minimisation of the total potential energy in the normal

manner and considering thermal loads only we can write

{81} {p1})
{82} (P2}
[K1 ¢ . B O

{50} {p"}

.

/

where

{80} = (u

A typical submatrix of the stiffness [K] is

[Rgy™ "1 = f [Bin]l" [D] [By,] av
\

and a typical term of the thermal load vector becomes

gt = | Byl D] tyg a3 av
\'A

=21 f [B4o1" [D] ty, {o} r da
A
substituting equations (33) and (35) into (38)
T

[Kijn,m] . J [[ﬁin]T cos n6 + [Eih] sin ne) [D]
\Y

([Ejm] cos mb + [Ejm] a8in me] av

37)

(38)

(39)
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because of the zero off-diagonal submatrices in [D]
[B1,17 D) Byl = 0 = [Byn]T (D] [By,)
so that the products of sine and cosine terms are eliminated leaving

[Kijn’m] = J[Ein]T [D] [ﬁjm] cos nf cos mo dV
v

+ f [ﬁin]T [D] [ijm] s8in n6 sin m6 dv
\'

further simplification follows from the orthogonal properties

Y (0 if n # m
fcos nd cos mo6 do = %-if n=m#¢0
0 \" if n=m =0
™ (0 1f n # m
f sin nd sin md do = %-if n=m+#0
0 LO ifn=m=20
therefore
[Kijn’m] = 0 for n#m

this means that the matrix [K] becomes a diagonal one and the final

assembled equations of the system have the form

[K11] {61} {pl}

[K22] {62} {p2}
¥ (25 = 4.3 (40)

kony [ |(em) {P7)

— _j 9 2, . o
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and the large system of equations reduces to n separate problems
[KP] {§0} = {pn}
where

A

which can be simplified to

[Ky3™P] = lef[[ﬁin] + [ﬁin]]T [D] [[ﬁjn] + [ﬁjn] . rdA
A

because the zero off-diagonal matrices in [D] give
By,]7 [0] By, = 0 = [By,17 [D] [By ]
For the zero harmonic

[Kij°’°] = 'n[ [B;41" [D] [B,0] = da
A

The displacement amplitudes at each node for harmonic n can be
determined from equation ( 4l), and the stress amplitudes obtained

from
{o;"r = 0] (IB_] {6} - £, {a})

Knowing the amplitudes, the displacements and stresses at any point
on the nodal circles can be obtained for each harmonic and summed

to give the total values.

(41)
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4,3 Numerical Integration for Temperature Coefficients

To determine the thermal load vector {P,} for the ntP harmonic, the
Fourier temperature coefficients for each nodal circle must be

obtained from equations (29). The nodal temperatures at each time

station are known from the heat-conduction analysis and a numerical
integration becomes necessary to determine the required temperature
coefficients. The finite element mesh used for the harmonic stress
analysis is shown in Figure 4.1 and is compatible with the mesh

used for the 3D temperature analysis except that it has been extended
to cover a greater tube length for the reasons mentioned in Section 4.1.
The temperature of the additional length of tube taken into consider-
ation would be unaffected by the surface quench and therefore numerical
integration was unnecessary for this constant temperature section.

A typical variation of temperature around the circumference for a
surface node in the quench region is shown diagramatically in Figure 4.2.
Results from the heat-conduction analysis show that at angles of ¢
greater than 60 degrees the nodal temperatures remained constant at
500°C for the time period considered. This enabled contributions to

the integrals in equations (29) for the range /3 to 7 to be determined
explicitly and added to the numerical integration carried out over the

range 0 to m/3.

A subroutine was written to perform the numerical integration and
determine the temperature coefficients for each node. The coefficients
computed for each harmonic in turn were progressively substituted into
equation (28) to obtain a running total of the temperatures after each
harmonic at points around the nodal circle which correspond to nodes

in the previous 3D mesh. This allowed the temperature convergence at
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all points to be examined. In this way results obtained using the
Trapezoidal Rule and also Simpson's Rule for the numerical
integration were compdared. It was found that temperatures at some
nodes converged more rapldly than others, and for the mid-side

nodes in particular a satisfactory convergence was initially obtained
but the addition of higher harmonics led to a subsequent divergence.
This unacceptable occurrence was a result of the limited number of
integration points around the nodal circles corresponding to the
previous 3D nodal positions used for the temperature analysis. These
integration points, spaced at 3.75 degree intervals for the corner
nodes and at 7.5 degree intervals for the mid-side nodes, were
adequate for the lower harmonics but produced spurious results for
higher harmonics when the half-cycle angles became equal to or less
than the intervals stated. Results obtained using the Trapezoidal
Rule and Simpson's Rule were‘almost identical, both methods being
affected by the anomaly described. A way of overcoming this problem
was found by assuming a linear variation of temperature between
adjacent integration points around the circumference and by carrying
out an exact integration between each pair of points in the following

manner:

Temperature at angle 0 between two points may be written as

(t2 - tl)
t = ty o (0 - 0 B, < 0 < 0
1% T, =6y ¢ 1) 1 2
therefore
6 0
Jz o de r (t +(t2—t1) (6 - 87)) 6 do
t os n = T — - cos n
. 17 o, - 67) 1

01 01
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Y
iy (sin nb2 - sin nbj)

"

(tz - tl) 1 1 3
+ (6, = 8y) |02 (cos nBy - cos nfj) += (6, sin no, ~ 67 sin né;)

= m o ’;‘ (sin n62 - 8in n61)

Using this approach convergence was found to continue when including
higher harmonics to an acceptable level for all nodes. The number

of harmonics required before the convergence oscillations 'damped
out' depended on the temperature of the particular point relative

to the mean temperature of the nodal circle, but 15 harmonics was
sufficient to cover all points satisfactorily. Typical convergence
curves are shown in Figures 4.3 and 4.4 for the corner node 1 and for
the mid-side nodes 2 and 10 at various points around the circumference.
Using 15 harmonics the temperatures obtained in the circumferential
and axial directions passing through the centre of the quench region
are plotted in Figures 3.26 and 3.27 together with results from the

3D heat-conduction analysis.

4.4 Programming Procedure

An existing 'finite prism' computer program using parabolic iso-
parametric elements was adapted to carry out the harmonic linear
elastic analysis for this problem. A number of basic changes and

modifications were found to be necessary which will be briefly described.

a The Fourier series displacement functions for a straight
simply-supported prism required modification to give the
even, even and odd functions necessary for the u, v and w
displacements of an axisymmetric body subjected to a

temperature loading symmetric about 8 = 0.
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b A zero harmonic term was added which represented an
axisymmetric temperature loading corresponding to the

mean nodal circle temperatures.

c Compilation of the thermal load vectors given by
equation (39) was included for each harmonic. The
required temperature coefficients were obtained using
the subroutine mentioned in Section 4.3 which was

added to the program.

d The stress and strain formulations were changed to the
cylindrical co-ordinate system required for the analysis

of axisymmetric bodies.

e An allowance for the temperature dependence of the
material properties in the elasticity matrix was incorporated
by using for each element, properties corresponding to its

centroidal mean circumferential temperature.

The general procedure followed by the program was to read in a complete
set of nodal temperatures, obtained from the 3D temperature analysis,
corresponding to a particular time station. Then considering the

first harmonic, nodal temperature coefficients were determined and

used to obtain the thermal load vector. The element stiffness matrices
for the harmonic were generated and assembled into the equations which
were solved using the frontal solution giving the displacement

amplitudes for each nodal circle. Stress amplitudes were then obtained
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and used to determine stresses at angles corresponding to the 3D
node positions. This procedure was repeated for each harmonic in
turn and the stresses were progressively summed at each point. In
this way the linear elastic stresses were obtained for each time
station. The specification of displacements was necessary only for

the v direction on the end plane of symmetry.

4.5 Axisymmetric Temperature Test

A preliminary test of the converted computer program was carried

out by analysing a cylinder subjected to an axisymmetric temperature
distribution. The inner surface temperature was taken as 500°C and
the outer surface as 0°C. For this case the analytical solution for

the temperature at any radius r is given by:

500
t = Tog (b/a) log (b/r)

a and b being the inner and outer radii.

Using this expression the nodal temperatures for the mesh shown in
Figure 4.1 were generated and the resulting stresses computed and
compared with the analytical solution given by Timoshenko and Goodier!Z2,
The stresses are plotted in Figure 4.5 and acceptable agreement was
obtained taking into account that the finite element solution converges

with increasing mesh fineness.

For this special case where the temperatures were axisymmetric the zero
harmonic only was used and numerical integration was unnecessary to
determine the mean nodal circle temperatures normally obtained for this
harmonic. Nevertheless the case was felt to be sufficient to test the
basic workings of the program, considering that the numerical integration

procedure had been tested independently.
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4.6 Results and Observations

The stresses given in the results are due to the quenching operation
only and do not include the relatively small normal working stresses.
Results will be referred to the positions shown in Figure 4.6 where

the point B is at the centre of the quench region.

FIGURE 4.6

Convergence of the hoop stress at specified points around the
circumference B-D is shown in Figure 4.7 for the time station

t = 0.1 seconds. Harmonic number 15 was taken as being a suitable
cut-off point and was used for the remainder of the analysis. A
further indication of the convergence is shown in Figure 4.8 for

the hoop stress from B-D.
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Variation with time of stresses resulting from the surface quench
initiated at t = 0 seconds is shown in Figure 4.9. The hoop stress
and the axial stress at B can be seen to increase . rapidly, reaching
maximum values at about t = 0.1 seconds with little subsequent change
over the remainder of the quench period. The hoop and axial stresses
around the circumference B-D are shown in Figures 4.10 and 4.11, for
selected time stations, and also the variation of these stresses along
the axial line B~F can be seen in Figures 4.12 and 4.13. These
results show that at any point in time during the quenching operation,

the surface hoop and axial stresses remain fairly constant over the

_central portion of the cooled region but reduce steeply towards the

quench boundaries. These stresses are the principal stresses at the
surface, the radial stress being zero. It can be seen from typical
heat-conduction results shown in Figures 3.15 and 3.18 that the only
temperature gradient at the central portion of the quench region was
through the thickness. Considering a flat plate with the same
temperature variation through the thickness, the corresponding surface
stresses!3 are shown in Figure 4.9 and can be seen to be somewhat

lower than the tube stresses. The difference can be attributed to

the contraction restraints arising at the boundaries of the quench area.

The variation of stresses through the thickness A-B of the tube are
plotted in Figures 4.14 and 4.15 and the maximum tensile peaks can be
seen to occur at the outside. A sharp reduction of stress with depth
is evident until compression occurs over the inner part of the wall.
The maximum axial stress at the surface is seen to be slightly greater

than the hoop stress, both being in excess of the elastic limit of the
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steel. For the 2.25% Cr 1% Mo steel the 0.2% proof stress 1s equal

to 262 MPa at ambient temperature reducing to 187 MPa at 500°C.

Radial stresses produced by the surface cooling were zero at the inner
and outer surfaces and were of relatively small magnitude at points

within the tube wall.

The maximum lateral displacement, at the end of the length of tube
considered, resulting from axial bending was equal to 0.0019 mm
showing that the localised quench effects produced little interaction
with the overall bending stiffness of the tube. The horizontal
diametral displacement at the quench section however was equal to
-0.0192 mm indicating a greater degree of interaction with the sectional

ring stiffness. See sketch below.

This explains why the maximum surface axial stress was marginally greater

than the corresponding hoop stress and is in accordance with the
circumferential cracking produced by on-load deslagging tests carried

out by the State Electricity Commission of Victorialt.

The computer time for the stress analysis was 880 seconds for each

time increment.
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5 CONCLUSIONS

The 3D heat-conduction analysis carried out using finilte elements
although time-consuming both in terms of data preparation and computer
time, did provide a means of obtaining solutions to a complex
transient problem. Such problems can often be simplified, as shown

in this case with the 2D and axisymmetric solutions, to give
economical and useful results in good agreement with results from a
3D analysis within the limited area that the simplification is

applicable.

When a subsequent 3D finite element stress analysis 1s to be carried

out such a simplified temperature analysis would be inadequate. If

a 2D thermal stress analysis is contemplated using temperatures from

a 2D heat-conduction analysis, complications can arise because of
strains occuring in the out-of-plane direction which may require
unrealistic assumptions to be made. Generally, if a problem cannot

be justifiably simplified by assuming plane strain or plane stress then
a 3D analysis becomes necessary, this being the case for the superheater

tube subjected to a localised surface cooling.

The approach adopted of applying a harmonic stress analysis, where

a 3D solution is obtained by superimposing a number of 2D harmonic
solutions, enabled results to be obtained in times equivalent to

the heat-conduction computer analysis times. This represents a
substantial saving over the time required for a conventional 3D finite
element stress analysis. The harmonic technique is not restricted to

thermal loading and can be used for applied point loads, line loads
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arid pressure loading using the Fourier Series representation. The
decision as to which approach should be used depends on the particular
problem being considered. TFor a steady-state thermal stress analysis
or a single loading-case problem, the conventional direct method of

3D finite element analysis would normally be used, the extra time
required for a single solution being offset by avoilding the need for
harmonic loads. On the other hand for problems involving numerous
solutions, such as transient or multi-loadcase problems, the harmonic
approach offers a means of obtaining results more economically. The
saving depends largely on the number of harmonics required, which

in turn depends on the nature of the applied loading and the degree

of accuracy required. The superheater tube problem represents an
extreme case involving large temperature gradients requiring 15
harmonics for the analysis, but solutions were still obtained in times
comparable to the 3D temperature analysis which had only one variable

per node.

Certain conclusions may be drawn from the results which are relevant

to the parameters involved in the water washing operating. Figure 4.9
shows that if deslagging can be effectively carried out for quench

times of less than 0.1 seconds then lower stresses will be produced in
the tube and for a time of 0.0l seconds the elastic limit would not be
exceeded. For times in excess of 0.l seconds the elastic analysis shows
high tensile peaks to occur at the quenched surface although in fact
such peaks would be cut-off at the yleld stress. If it was found that
effective deslagging could not be achieved at times less than 0.1
seconds, making yielding at the surface inevitable, then as short a

quench time as possible should be used to ensure the minimum depth
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over which the elastic limit is exceeded. Figure 4.15 shows that a
quench time of 1.0 seconds leads to yielding over a depth twice that
reached for a quench time of 0.2 seconds. The shortest quench time
necessary could be achieved by a suitable combination of the probe
penetration velocity, the speed of rotation and the number of water
jets used. The spiral contact path of the water jet results in a
progressive quenching along the tubes and the stresses determined by
the analysis would apply at the outside boundary of the expanding
circular quenched area. The formation of surface cracks leads to an
effective reduction in the outside diameter of the tube but would
provide a crust giving thermal protection to the underlying layers so
that the depth to which the elastic limit was initially exceeded would
not be increased further. This means that crack propagation into the

tube due to thermal fatigue would be expected to reach a limited depth.

The analysis carried out was for a surface quench initiated at the time

t = 0 when the tube was assumed to be at a uniform temperature of 500°C.
Under normal circumstances there would be a surface deposit on the tube which
would be removed by the initial effects of the quench so that when the jet
subsequently strikes the cleaned surface the temperature would have been
slightly reduced. The analysis therefore represents the severe case of

a water jet impinging on a clean, uncooled surface.

The results show the effects of the first quench when no residual stresses
were present as a result of previous quenching. After the first quench,
when the tube has been reheated to the normal operating temperature, there
will be residual compressive stresses at the surface where the elastic
limit was exceeded. Subsequent quenching would still produce stresses
beyond the elastic limit at the surface, but the depth to which the

elastic limit was exceeded should be reduced. An extension to this work

could be to consider the elastic-plastic behaviour of the steel and to

Avamdna +ha o+wanoc nwnldne nradmniaad ke nantdnunad Aananrhine
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