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ABSTRACT

fhis report briefly describes the general analysis features of the TMRPIPE
code to perform a complete analysis of a nuclear piping system. This report
presents benchmark brob]em solutions employed to verify correct execution of
the TMRPIPE Code. The solutions of benchmark problems have been compared with
closed-form solutions available in the literature or with solutions obta1ned
us1ng other similar codes.

ThisAreport satisfies the Teledyne Engineering Services (TES) procedure on
computer code Verification which is responsive to and implements criterion number

. 1 in "General Design Criteria" of Appendix A, and the Design Control Measures in

"Quality Assurance for Nuclear Power Plants" of Appendix B in 10CFR50 of the NRC

"Rules and Regulations.
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INTRODUCTION

TMRPIPE is a system of computer programs intended primarily to perform a
complete analysis of nuclear piping systems. The integrated package consists
of the following individual programs:

LION 4. for generation of thermal models and
.for determination of the temperature distributions

TMRSAP for the static and dynamic structural analysis of the piping
system. .

PASS for tabulating the support reactions and displacements from
TMRSAP, calculating the support design loads, performing a
stress evaluation at selected data points and printing the
information in technical report format.

NUCPIPE for evaluating. the stress results in accordance with the ASME
Code, Subarticle NB-3600.

This report presents a detailed description of each of the above programs
and benchmark solutions employed to verify the use of }MRPIPE for the solution
of thermal, static and dynamic analysis of piping systems such as a reactor
coolant loop subjected to forcing functioﬁs, including ground accelerations due
to seismic events. Benchmark problem solutions employed to verify the use of
TMRPIPE for the solution of steady state and transient heat conduction analyses
are ‘also included. TMRPIPE has been used by Teledyne Engineering Services to
perform many piping analyses. This report, however, presents only the bench-
mark problem solutions for verification of the basic capabilities of the code.

The following chapter presents details of the verification procedure
adopted in this report. General description, application, capabilities, theory,
qualification and benchmark problems are included in this report for each one
of the programs described above.
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VERIFICATION PROCEDURE

The verification procedufe has been carried out by comparing solutions
obtained using the TMRPIPE Code either to closed-form solutions when available,
or to solutions obtained from other computer codes with completely different
techniques and methods of analysis. Hand computations have also been used
occasionally to compare the results of TMRPIPE. As a result of the numerous
. problems solved, several of the code features are verified many times in this
report. Such Verification is naturally an additional assurance of the high
level of confidence of the code.

A set of problems was designed to check the ability of the TMRPIPE program
to carry out stiffness matrix, flexibility matrix and dynamic matrix generation,

to calculate free thermal growth of piping systems, to perform load, ‘deflection, _

and support reaction calculations, to assess individual and cumulative modal re-
sponse and to perform frequency and mode shape calculations. An ASME benchmark
verification problem was also set up for evaluating the stress results in ac-
cordance with the ASME Code, Subarticle NB-3600.

The problems were modeled and analyzed by engineers reporting to a technical

leader then checked by another engineer. Discrepancies have been clarified by
discussions between the parties involved.
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LION 4

A computer program to determine temperature
distribution for arbitrary shapes and complicated
boundary conditions.
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1.0 GENERAL DESCRIPTION

LION 4 is a digital computer program which is used to solve the steady-state
or transient temperature distribution in any three-dimensional configuration. The
heat source may be externally conducted or internally generated.

In addition to the solving of heat conduction in structural elements, LION 4
may also be used in such cases as forced convection, free convection, or radiation
where the output will yield temperatures and heat fluxes for points representing
the surface of the structure, -

Input to the program consists of structural geometry, physical properties,
boundary conditions, internal heat generation rates and coolant flow properties
and rates.

2.0 APPLICATION

The progrém solves the transient heat conduction equations for a three-dimen-
sfona] field using a first forward difference method. Since the method of solution
i§:based on a nodal representation of the geometry, any type of configuration can
be handled through the evaluation of the "equivalent resistances" of the nodal
connectors. In addition, the program solves the energy equation (at constant pres-
sure) for the coolant nodes and also allow sub-cooled nucleate boiling to be
considered.

3.0 CAPABILITIES

.Tﬁe LION 4 digital compute§ program can solve three-dimensional transient and
stead&-state temperature distribution problems. The input consists of geometry,
physical properties, boundary conditions, internal heat generation rates,- and
coolant problems of heat conduction in a structure. LION 4 can handle forced con-
vection, free convection, and radiation or a combination of these at .the surface
of the structure. The output consists of complete nodal temperature distributions
along with surface fluxes and-surface heat transfer -coefficients. An option is
included in the program for determining the mean temperature in any specified sec-
tion of the structure.
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4.0 THEOQRY

Nodal Equations

LION 4 employs the ffrst forwardfdifference'metth in obtaining a solu-
tion. The basic equations (whose mathematical development is available in
the original program report, Reference [1]) in matrix form for the internal '
nodes are as follows: o

(am)y = r{m)t] M } (c)! (M
(Mg 4o = (Mg + (0T (2)

t = time

T = time increment

(c) = capacitance matrix

(Q) = internal heat generation matrix

(Y) = internal admittance matrix

(T) = temperature matrix

(AT) = temperature change matrix for time step

Equations (1) and (2) as shown above are used to determine the temperature
change in the time interval and the temperature at the end of that time
interval for all internal nodes.

The temperature change for a surface node is calculated by applying the
Ohm's law‘ana]ogy for heat flow to a node with no capacitance. This technique
.is as follows for the ith surface node. Let the ith surface node have n heat
flow paths to it and let these heat flow paths be indexed on «.

Thus,
Ta = temperature of node at end of heat
flow path

[y

2 ama
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Ya = admittance of heat flow path o between
the temparature potentials Ti and Ta
Qa = heat flow in path «

it follows that,

Qa N Ya (Ta - T'i)
Since a surface node has no capacitance, the application of the analogy

yields
n

> o

a=1
or

Rewriting the above

a=]
T, =
L n
Y
o
a=1
or in the time increment form
n
Z YT
a o
; a=1
M) ™| — (3)
> v
S a
‘a=1 t

Equation (3) as shown above is the expression used in the program to determine
the surface node temperatures at each time interval.
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For the coolant nodes two heat flow paths must be specified. The first
being heat flow from the surfaces, and the second being heat flow (or energy
transport) due to the coolant flow. The equivalent heat flows are calculated
as follows: '

let A be the coolant node index. .

let B be the index of the surface node connected
to coolant node A.

let C be the index of the coolant or boundary
node upstream and connected to node A.

The heat flow from the surface to node A is

Pg-p = Yga (Tg7T)
where YBA is the admittance between nodes B and A. The equivalent heat

flow from the upstream node C is

Q- =(TC—TA)(Cp)(F10w rate)

where vcp = specific heat of coolant

Flow rate = mass/time

It easily follows by using the electrical analogy* that for the time t

“ (Q —A+6-A)T
(ATA)"=< . cAC ) ‘ (4
t

where C, = total thermal capac1tance of node A = cp x (Volume of node A)
x (Density of node A). .

*Using electrical termino]dgy and the basic physical law
q = CE,

differentiating and assuming C is independent of time
dq dE
dt dt ?

using definition of .current and writing in differential form,

AE = 1%3,. This expression is analogous to expression (4).

c and
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(Ty) g = (804 * (Ty)y (5)

Then

Equations (4) and (5) are used as shown in the code to determine the
coolant node ‘temperatures at each time step. '

Stability Criterion

If the LION 4 user specifies the time increment too large, the program
will automatically choose a time increment which meets the stability criterion.
The original TIGER report t1] develops the stability criterion based.on the
internal nodes which is as‘follows:

C.
v < oA
ii
where Ci = total thermal capacitance of internal node i.
' Yfi = the negative sum of all the individual admittances

connected to the internal node 1.

Since an averaging technique, independent of the time increment, is
used to determine the temperature changes for the surface nodes, the surface
_ nodes do not require a stability criterion. However, the addition of coolant
nodes to TIGER created an additional stability criterion. By a similar
analysis to that done in Reference [1], the stability criterion can be derived
for the coolant nodes. Consider, for analysis purposes, only one surface "
~connected to the coolant node. ‘

Flow c A
— °'T"‘I ;
ST TTT77777/7/

Node A - coolant node
Node B-= surface node .
Node C - coolant or boundary

M
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[p]
[}

specific heat of coolant
BA ° total admittance between nodes A and B

-
1

time increment
A S total thermal capacitance of node A
coolant mass flow ‘rate

m_O
[} |

Considering the heat flow to node A and applying the electrical analogy (refer
to the section entitled Computational Equations of this report) yields

= X : (T. - “
ATp = ) [YBA(TB TA) + CpF (Tc TA)]
in the numerical method form _
(TWger = (TRdp + (8 Tp)y

or

(Tter = (Tpdg + 4 2 Dga(Tp - Ty) + CF(T - TA)]} (6)
: A , t

If an error is introduced in evaluating TA at time t', then at any time t,

after t', the resulting temperature Tp will differ from that obtained if

" the error were not present. Let this difference be

(GA)t = (TA)t - (TA)t

. . Since the temperature after the error is introduced must obey equation

(6), it follows

A _h ST A A A A
(Tadgsr = (Tp)y *{E:; [YB-A(TB - Ta) + GF(Te - TA)J} (7)
t
Subtracting (6) from (7) and using the definitions
6 _ A
A= TA - TA
=T, -7
T 'B B

6 _I\
c "TC-TC
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‘yields ) )
1' “ )

which can be written as

. i v C (F)t il
(Sgee = (8p)e | T T Oppdy - —¢;
- | .
Yo (Ygad¢(og)y * CplF)else)y
with the following definition )
ORI

where i is indexed on all surface, boundary, and coolant nodes.

Dividing equation (8) by (E)t and using the properties of the
absolute value ' ‘

3

(8p)4; (65) ‘ wC_(F)
I S R IR
(8) (6)y A A
B VI B O TS
where T, CA, Cp and F are always positive.
From the definition of l(?)tl , it follows that
(GA)t o (GB)t (Gc)t )
(8)y (8)y (8)y
equation (4) becomes i
Cndere S SUR W 12 S S W YL TS
- C BA‘t C c BA‘t C,
(3), A A A A

«
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'r For the error in the coolant temperature to decrease with time (i.e. for stability)
(GA)t+1: <.1
(8)4
Erom this criterion and equation (10), it follows that
’ e <C_(F)
. I _p 't T 7C_(F)
1 o (YBA)t + o + ; (YBA)t + EC t <1 (10)

This inequality requires that

T 7C_(F)
T (YBA)t + pr Tt < 1
Solving for ‘ CA'

= Taalg * G an

‘ Due to the relative magnitudes and the conservatism of the present
expression, it is assumed that (11) can be approximated by*

Noting that

Ca ='Cp X (Volume of coolant node A) x (Coolant density)

where

(Volume of coolant node A) = (Surface area of attached surface
node) x (Flow path width)

yields *

r < (Volume of coo]ant(ngde A) (Coolant Density)-
= F
t

since the maximum flow represents the most limiting case

(Volume of coolant node A) (Coolant Density)

<
Fmax

*It is possible that this criterion may not be stringent enough in some extreme
cases. " However, to avoid use of a very-small time increment in the general
problem, this assumption is maqe. '
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This expression is used in LION 4 to determine the maximum allowable time
increment for coolant node temperature calculation stability.

Tne smallest time increment, from both the internal node and coolant
node criteria is used as the maximum allowable time increment for stability
of the solution. '

PROGRAM DESCRIPTION

Nodes

1. Internal Nodes - The internal nodes must be numbered consec-
utively starting with one through the total number being used.
The node material, dimensions, initial temperature and base
internal heat generation rate must be specified in the input.
The internal generation rate may be varied with time by use
of the internal generation rate fraction library.

2. Surface Nodes - The surface nodes must be numbered consecutively
starting with the integer one above the total number of internal
nodes being used. Surface node dimensions, initial temperatures,
and types of heat trgnsfer coefficients must be specified as input.

3. Boundary Nodes - The boundary nodes must be numbered consecuthe]y
starting with the integer one above the total number of sSurface
nodes being used. The boundary node has no dimensions. Thus, the

only input required is the initial temperature* Tibrary.

4. Coolant Nodes - The coolant nodes must be numbered consecutively
’ starting with theiinteger one above the total number of all other
nodes being used{i The initial temperature** must be specified.

*Only for boundary nodes that supply coolant channels, enter enthalpy
instead of temperature if the boundary node fluid is in quality initially.
Library entries must be consistent with initial condition and either all
enthalpy or all temperature throughout any one library.

** If enthalpy is being considered, enter entha]pies instead of temperatures.
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Node Connections

1. Internal Connection - An internal connection is defined as a
heat flow path either between an internal node and another in-
ternal node or between an internal node and a surface node.

An internal conﬁection may be specified as one material or as
two materials in series.

2. Surface Connection - A surface connection is defined as a
heat flow path between either a surface node and a coolant
node or between a surface node and a boundary node. The
mechanism of heat transfer for a surface connection may be of
any one of six types described in detail in the section entitled
Subrountine Descripfions.

An internal node may have only internal connections (maximum of seven).
No restriction is made as to whether these internal connections are to surface
nodes or to other internal nodes. -

A surface node may have only one internal connection (i.e. may be con-
nected to only one internal node) but may have a maximum of six surface
connections. Only one of these surface connections may be to a coolant node,
but none of the six need be to a coolant node. It follows that all of the
surface connections may be to boundary nodes. Note that multi-mechanism
heat transfer from a surface node is possible.

Each coolant node must be connected to at least one and not more than
four surface nodes and must be connected to one upstream node (either coolant
or boundary node). The upstream node for the first node (inlet node) in a
channel must be a boundary node. The upstream nodes for all other coolant
nodes in the channel are all coolant nodes.

A boundary node may be connected to an unlimited (within the total
number of connections in the program) number of surface nodes and/or coolant
nodes.. . A boundary node may not be connected to an internal node.
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Calculation of the Thermal Conductances (YMAT)

One of the main functions of the LION 4 program is to calculate. the
conductances between nodes. This is done in the subroutine called YMAT by
means of admittance matrix techniques and is described here in some detail.
This subroutine reads in the connector information for all the internal nodes
including the connections between the internal and surface nodes.

For example, if one has the following configuration

Material 8 - Material 10
Node . . e —
Number ARy A
(1=1) // ;J\/V‘- (-vV‘-O
/
/7 sl Vv _____
/ 4 /
/
/ ' 1
v // Material 8 /____‘2’1
>
J2

The input necessary for the NODE I is the designation of the node it
is connected to, the appropriate resistance lengths, the type of material
for each node, and the appropriate surface area.
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5.0 QUALIFICATION

- The LION 4 program may be used for the solution of steady-state or
transient temperature distributions in any three-dimensional configuration.
The heat source may be externally conducted or internally generated. Thermal
networks involving radiation, conduction, forced convection and free convection
can be solved. Since the method of solution is based on a nodal representation
of the geometry, any type of configuration can be handled throhgh the evaluation
of the "equivalent resistabces" of the nodal connectors. In addition the pro-
gram can solve the energy équation (at constant pressure) for the coolant
nodes and also allows sub-cooled nucleate boiling to be considered.

T e zaemrw o we W






6.0 BENCHMARK VERIFICATION PROBLEMS

6.1 Sample Problem 1

In this benchmark verification problem, LION 4 results are
compared to TMRTEMP té] results in an analysis for the transient response
of a one-dimensional model to a step change in temperature. The model
as pictured in Figure 6.1-1 is a one-dimensional idealization of the wall
of a 14 in. Sch. 140 pipe. The forcing function is a 100°F step change in
fluid temperature from an initial uniform system temperature of 0°F. A
comparison of the transient responses can be seen in Figures 6:1-2, 3 and
4 for Node 1 (INSIDE Surface), Node 5 (NEAR CENTER of Pipe Wall) and Node 8
(OUTSIDE Surface) respectively. As can be seen, the agreement between the
LION 4 and TMRTEMP response is reasonable.
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An example of a one-dimensional model appears in the following figure.

: RV
/
Yy 8
x 7
iy 6
5
1 4
Y
R8 3 R0
R A
7 2
R A
6
R5 1
R |1 ¥ 10 1
R3R2 D 1
R] o L —P RI
(RO-RI) )
YYVVYVYYY Y v
" Node Number Description.
1 thru 8 Internal (pipe wall) Nodes
9 and 10 Surface ques
11 and 12 Boundary Nodes

.

13
L3
b

Figure 6.1-1 One-Dimensional Thermal Model
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Figure 6.1-2 Temperature Respon;e of Node 1
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Figure 6.1-3 Temperature Response of Node 5
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Figure 6.1-4  Temperature Response of Node 8







DS TELEDYNE 1
-21- - ENGINEERING SERVICES

. 6.2 Sample .Problem 2

Here, a two-diﬁensiona] idealization is used to model a full
size 2 In. Sch. 160 Carbon Steel Tee. A comparison is made of the transient
responses derived by LION 4 and TMRTEMP for a 552°F to 350°F step transient.
~ The output is displayed on plots Figure 6.2-2 and 6.2-3 for Node 34 (Located
internally at the junction) and Node 49 (inside corner of the junction) re-
spectively. The agreement in both cases is excellent.
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6.3 Sample Problem 3

As a further comparison,la,2-dimensiona1 idealization of a
8.25' high x 1" thick x 14' radius vessel support skirt was used.” The skirt
was divided into 33, 3" long nodes with the lower 14 and the upper 17 surface
nodes having film coefficients of h=1.25 and 0.077 (BTU/Hr. Ft.2°F) respec-
tively. The base node was assumed to be adiabatic and the ambient boundary
nodes assumed the 120°F temperature that was initially uniform throughout
the system. At time zero the skirt and surface (h=10,000 BTU/Hr. Ft.2°F)
was subjected to a step change from the initial temperature of 120°F to
940°F.

The thermal response for the three end nodes was plotted for the
initial five minutes.






Z

940°F

100«—_ 12| h=10,00

(10

(SOURCE)
100

T101 h]“J

‘\\/'>
AN

M1 - hy <

" N
l E\
=)
1)
\J
1]
[ d
Py
(]

Figure 6.3-1 TMRTEMP Thermal Model for Skirt
Tempergture Distribution

Tyo1 - 120°F

25 > hy = 0.077 Bl

HR-FT2-

0BTU

HR-FT-°F

(SINK)

°F

Tq07 = 120°F (SINK)






UOLINGLAISL] 9An3RaadWd] J4LYS 404 [3POW LeUMAYL ¢ NOIT 2-€°9 a4nBid

o e @ o o o o [ ®
= m
g T=120°F
o+ 3.0" 6.0"
pud 106 NOTE: Constant
Sf———1p (20RD) Nodal Depth
o : . (1-33) = 10.0"
1 : 69- 70 71 72 73 74 75 76 77 78 79 80 81 82 83
08 )
N A A A A A A A A A A A
S 02| o3| o8| o5 | o6 | o7 | 8 | o9 | 10| o171 | ¢12 | 13| 14| 15
. N . . .
T=120°F QTTTJ‘V—TT‘T—V VvV ¥V V vV Vv VY
\| 36 37 38 39 40 4] 42 43 44 45 46 47 48 49 50
t=1200F[ ] 07
" — = — -— - — — — — N
.48.0 51,.0"”Z D 106 1.0(TYP.)
84 8 8 87 8 89 Q0 9 92 - 93 94 95 96 97 l
A A A A___A__A__A__A__A A
16 | 017 | 18] o419} 620 | 21 | (22| 23| $24) 25 026 | 427 | 428 | 29
v VvV V¥V V ¢V V V V'V
51 52 53 54 55 56 57 58 59 60 6] 62 63 | 64
D]O? 3 3.011“
—_— e — o (TyYR, )
| 106 T=120°F
00 101 FILM COEFFICIENTS
A T=940°F Surface Nodes
36-50 & 69-83
032 33 102 D 105 .
h=1.25 ET-‘L—-Z—-—
A ?5 g HR-FT<-°F
51-68 & 84-101
[] 107 1=120F h = .077 m—’z— _
) HR-FT“-°F
.. BTU ] BTU
Ry = 0 22—, hyne = 10,000 =——
103 HR-FT2-oF = 102

HR-FT2-°F

_LZ-







Temperature, °F

e mie  © e Aemmer »e Samne ¥ wamaTs m Sbma— D 4D

. Z®TELEDYNE

-28- ENGINEERING SERVICES

170
160 -
?50_
140 .

130.
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6.4 Sample Problem 4

For a final comparison, the one dimensional model used in Sample
Problem 1 was used by LION 4, TMRTEMP and the classical Brock-McNeill [2]
solution-to plot the responses for the inside surface, mean, and outside
surface temperatures. Evidently, LION 4 compares favorably with BROCK and
TMRTEMP. '
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BROCK CALCULATIONS

h

3,000 2
Lbg -Ft=-°F ha
NB i 39.1 Biot Number

1.25" = 0.1042 Ft.

- 8.00 BTU 0= & - otlmin) o g 2303 (min)
s Hr-Ft-°F a~.. a’60.
2 . . vy
] 0.15 g&_ Log]0 (0) = Log]0 (0.2303 t(min))
t(min) | Log,,(6) H TR A [TR(°F) I T(°F)
0.0 -—- .
0.2 -1.337 0.93 93. 0.27 27. 0.00 0.
0.4 -1.036 0.95 95. 0.32 32. 0.03 3.
0.6 -0:860 0.96 96. 0.38 38. 0.11 11.
0.8 -0.735 0.97 97. 0.45 45. 0.19 19,
1.0 -0.638 0.97 97. 0.52 52. 0.28 28.
1.2 -0.559 0.98 98. 0.57 57. 0.35 35.
1.4 -0.492 0.98 98. 0.61 61. 0.4] 4],
1.6 -0.434 0.98 98. 0.64 64. 0.49 49
1.8 -0.383 0.98 98. 0.68 68. 0.55 55.
2.0 ~0.337 0.98 98. 0.72 -t 72. 0.60 60.

Using Ng and the time dependent Log]0 (6) the coefficients H, A, and I for

the. inside surface temp. average temp., and outside surface temp. respectively,
were interpolated from the curves in Brock Figure 1,:2, and 3.

where:. Ty =T, = (Te-T ) H (Inside Surface Temp.)

0

-
1

A= Tat (TE-T,) A ( Average Temp. )

T

-

—
1
+

o ¥ (Tp-Ty) 1 (Outside Surface Temp.)"

= Coefficient for Inside Surface Temperature
= Coefficient for Average Temperature
Coefficient for Outside Surface Temperature

o

- >
non i
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Figure 6.4-1 Inside Surface Temperature’
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Figure 6.4-2 Mean Temperature
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6.5 Sample Problem No. 5

A cooling fin of square cross-sectional area A, length f, and con-
ductivity K extends from a wall maintained at temperature Tw' The
surface convection coefficient between the fin and the surrounding
air is h, the air temperature is T,, and the tip of the fin is in-
sulated. Determine the heat conducted by the fin q and the temper-
ature of the tip TY' s

T, =100°F

Insulated

Finite Element Model

MODELING HINTS: Coupled nodal temperatures are used to insure symmetry.

Figure 6.5-1 Heat Transfer From a Cooling Fin
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TABULATED RESULTS

ANSYS QUTPUT
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LION 4 QUTPUT

ELEM.MEAN TEMP.

19, 29,

NODES TEMPERATURE | ELEMENT ELEM. TEMP.

1, 11, 21, 31 (100.0)°F (BASE) | 1 96.127°F (100.00) 95.65°F
2, 12, 22, 32 92.253 2 88.995 88.24
|3, 13, 23, 33 85.736 3 83.049 82.03
4, 14, 24, 34 80.362 4 78.211 76.95
5, 15, 25; 35 76.060 5 74.416 72.95
6, 16, 26, 36 72.772 6 71.613 69.98
7, 17, 27, 37 70.454 | 7 69.762 68.02
8, 18, 28, 38 69.076 8 68.847 67.53
5, 39 (68.618) (END) (67.53)
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Figure 6.5-2 Steady State Temperature Distribution
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6.6 Sample Problem No. 6

A long hollow cylinder is maintained at temperature Ti along its inner
surface and To along its outer surface. The thermal conductivity of
the cylinder material is known to vary with temperature according to
the linear function K(T) = Co * C1T. Determine the temperature dis-
tribution in the cylinder for 1) k = constant, i.e. C] = 0, and 2)

k = k (T).

b
12 1§ 14 15 i16
o o >
2 3 4 5 6
~ Problem Sketch Finite Element Model

= 50 BTU/hr-ft2-°F, C, = 0.5 BTW/hr-ft?-°F%, r. = 1/2 in = 0.041666 ft.

r, = 1 in. = 0.083333 ft, T, = 100°F, Ty = 0°F.

——d

GIVEN: C

MODELING HINTS: The axial length of the model is arbitrarily chosen to be 0.01 ft.
" Nodal coupling is used to insure axial symmetry. The steady-state
cqnvergence procedures are used.

‘ F%gure 6.6-1 Cylinder witﬁ Temperature Dependent Conductivity

[ e A
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TABULATED RESULTS
CASE T CASE 2
- ‘BTU.
A k=50.0+0.57 BT ____
Hr-Ft -°F Hr-Ft-°F
ELEMENT ANSYS LION 4 ANSYS LION 4
(INSIDE) 100.0°F 100.0°F 100.0°F 100.0°F
1. 86.8 85.6 89.6 88.9
2 62.6 61.7 69.4 ‘ 68.9
3 41.8 41.1 49.9 49.5
4 23.7 23.2 30.5 30.2
5 7.6 7.2 10.4 10.3
(OUTSIDE) 0.0 0.0 0.0 0.0
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Figure 6.6-2 Steady State Temperature Distribution for Case 1,
Constant Conductivity
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Figﬁré 6.6-3 - Steady State Temperature Distribution for Case 2,
Temperature Dependent Conductivity
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7.0 CONCLUSIONS

Comparisons of LION 4 Thermal Analysis with BROCK, TMRTEMP, and ANSYS
thermal analysis techniques shows favorable agreement of results. One can
assume that LION 4 can be used with confidence for thermal analysis of
transient and steady state responses to be used for conservative engineering
design evaluation.
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TMRSAP

A digital computer program for the
structural analysis of pi’ping systems.
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1.0 GENERAL DESCRIPTION

The TMRSAP computer program provides an elastic analysis of complex piping
.systems subjected to thermal, static and dynamic loads. TMRSAP is a modified ver-
- sion of the SAP IV computer program. A preprocessor has been added to provide
a more user-oriented input format. Point-to-Point coordinate input and arbitrary «
node numbering are included for ease of modeling and for implementing geometry
changes into existing models without having to re-do the entire input data for a
given model. The pre-processor reads the card input defining the model in a user-
oriented format, transforms the input data to a SAP IV compatible format and
creates an intermediate file in BCD mode (coded file). SAP IV subsequently reads
the input data from the intermediate file and proceeds with the execution.

The piping systems to be analyzed are composed of two element types: (1) pipe
elements (tangent and bend), and (2) boundary elements. The pipe element can be
represented by a straight segment (tangent) or a circularly curved segment (bend).
_ The boundary element is used to constrain nodal displacements to specified values,
to compute support .reactions and to provide linear elastic supports to nodes.

’“Four (4) types of dynamic analysis can be performed by the program.

Determination of system mode shapes and frequencies only.
2. Dynamic Response Analysis for arbitrary time dependent loads
using mode superposition.
3. Response Spectrum Analysis.
4. Dynamic Response Analysis for arbitrary time dependent loads
using step-by-step direct integration.

Program printout consists of forces and moments acting on the pipe element at
the ends of each member and at the midpoints of the arcs in bend elements. Stresses
within the“piping system due to effects of internal pressure and bending are com-
puted in accordance with ANSI B31.1, "Power Piping."
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2.0 APPLICATION

The TMRSAP program provides a solution for the static and dynamic structural

"analysis of nuclear piping systems. The program analyzes elastic piping systems
subjected to thermal, static, -and dynamic loads.

The piping systems are modeled using either of two element types, namely,
boundary element or pipe element (tangent and bend). These e1ehents may be used
in a static or dynamic analysis. The pipe element is represented by a straight
segment (tangent) or a circularly curved segment (bend); both elements require a
uniform section and uniform material properties. Elements can be directed ar-
bitrarily in space. The member stiffness matrices account for bending, torsion,

_axial and shear deformations. In addition, the effect of internal pressure on
the stiffness of curved pipe elements is considered.

The loads contributed by the pipe elemerits include gravity in the global
directions, and loads due to thermal distortions and deformations induced by
internal pressure. Forces and moments acting at the member ends and at the center

of each bend are calculated in coordinate systems aligned with the member's
cross-section.

" Four types of dynamic analysis can be pérformed by the program:

Determination of system mode shapes and frequencies.

2. Dynamic response analysis for arbitrary time-@ependent loads
using mode superposition.

3. Response spectrum analysis.

4. - Dynamic response analysis for arbitrary time-dependent loads
using step-by-step direct integration.
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CAPABILITIES
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The capabilities of the TMRSAP program are as follows:

a.

Static Analysis - deadweight
thermal
deadweight + thermal

Dynamic Analysis - response spectrum (seismic)
forced response (time history)
1. mode superpositipn
2. direct integration

Plotting - On request, the program generates a geometry file which
becomes the input file to a SAP IV plotting program "SAPLOT"* and may
be executed in the same job stream following the analysis or a geometry
input data check (no analysis). If desired, the geometry plot file may
be saved on magnetic tape, disk, or copied to a punch file and plotted
in a separate computer run. ’

Bandwidth Minimization - The program has an optional bandwidth minimi-
zation capability which is a separate overlay. It employs a Cuthill-
McKee nodal renumbering algorithm to ensure that the stiffness matrix’
will have a narrow bandwidth resulting in a more efficient solution

of the system of equations and considerably less execution time. The
bandwidth minimization overlay reads the SAP IV model from an inter-
mediate mass storage file created in the TMRSAP preprocessor overlay in

BCD mode, then performs the resequencing strategy and writes the modified

model back onto tape in BCD mode where it is ready for execution by SAP
IV for either a problem solution or an input data check.

Closely Spaced Modes - The program has been modified to include a closely

spaced frequency criteria in accordance with the "ten percent method" de-

fined in NRC Regulatory Guide 1.92, C.1.2.2 for combiningﬂthe modal re-
sponse in a response spectrum dynamic analysis. The closely spaced

*Copyright (§) by Ashraf Habibullah 1974
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frequency criteria may be overridden at the input level by defining
a criteria <<0.1 causing the prdogram to encounter no "closely"
spaced modes whereby. the closely spaced mode term in the equation
goes to zero resulting in a square root sum of the squares modal
summation.

N
=[x R+ 2z R . R|IVE iy (1)
k=1 k J .
~f.  Qutput Features - The program generates an output file of pipe element
forces, moments, deflections on tape which may be copied to a punch
file, magnet1c tape or cataloged on a disk file for each toad condi-

tion. These files may then be manipulated and merged to become a
single input file to postprocessing programs.

The TMRSAP piping system model is written on tape in BCD mode as it is
transformed to a SAP IV model. If it is desired, the transformed SAP
IV model may then be copied to a punch file to provide a SAP IV data
deck. This deck may then be modified to meet the needs of special
analyses or modeling techniques using thé standard version of SAP IV:
i.e., for requirements which are beyond the current capabilities of
TMRSAP.

4.0° THEQRY

_ The calculation of the structure stiffness matrix and mass matrix is accom-
plished 'in three distinct phaseé:

1. . The nodal point input data is read and generated by the program. In
this phase the equation numbers for the active degrées of freedom at
. each nodal point are established.
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2. The element stiffness and mass matrices are calculated together with
their connection arrays; the arrays are stored in sequence on tape
(or other low-speed storage).

3. The structure stiffness matrix and mass matrix are formed by ad-
dition of the element matrices and stored in block form on tape.

The formation of the structure matrices is carried out in the same way in a
static or dynamic analysis. The static analysis is continued b& solving the
*equations of equilibrium followed by the computation of element stresses. In a
_* dynamic analysis the choice is between '

frequency calculations only,

frequency calculations followed by response history analysis,
frequency ca]cu]gtions followed by response spectrum analysis,
response history analysis by direct integration.

H oW N -

To obtain the frequencies and vibration mode shapes solution routines are ‘
used which calculate the required eigenvalues and eigenvectors directly without
a transformation of the structure stiffness matrix and mass matrix to a reduced
form. In the direct integration an unconditionally stable integration scheme
i's used, which also operates on the original structure stiffness matrix and mass
matrix. This way the program operation and necessary input data for a dynamic
analysis is a simple addition to what is needed for a static analysis.
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STATIC ANALYSIS

A static analysis involves the solution of the equilibrium equations

Ku=R (2)
where
R = Load Vector
= Displacement Vector
- K = Stiffness Matrix

followed by the calculation of element stresses.

Solution of Equilibrium Equations

The load vectors R have been assembled at the same time as the structure
stiffness matrix and mass matrix were formed. The solution of the equations is
obtained using the large capacity linear equation solver SESOL . [7]. This sub-
routine uses Gauss elimination on the positive-definite symmetrical system of
‘equations. The a]gor1thm performs a minimum number of operations; i.e. there are
no operations with zero elements. In the program, the LTDL decompos1t1on of K
1s used, hence Eq. (2) can be written as

T

L'v (3)

1]
=

and .,
DLu : i(4)

v

where the solution for v in Eq. (3) is obtained by a reduction of the load vectors;
the displacement vectors u are then calculated by a back-substitution. |
In the solution, the load vectors are reduced at the same time as K is d%-
composed. In all operations it is necessary to have at any one time the required
matrix elements in high-speed storage. In the reduction, two b]ocks are in high

. speed storage (as was also the case in the formation of the st1ffness matrix and

mass matrix), i.e., the "leading" block, which finally stores the elements of L
and D, and in succession those b]ocks which are affected by the decompos1t1on of
the "leading" block.
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" Evaluation of Element Stresses

After the nodal point displacements have been evaluated, sequentially the
. element stress-displacement matrices are read from Tow speed storage and the
element stresses are calculated.
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DYNAMIC ANALYSIS

In dynamic response analysis the solution of the equations

Mu+Cud+Kus=R (t) * (5)

where
M = Mass Matrix
C = Damping Matrix
K = Stiffness Matrix

is required, where R(t) can be a vector of arbitrary time varying loads or of
effective loads which result from ground motion. Specifically, in the case of
ground motion, if it is assumed that the structure is uniformly subjected to the

ground acceleration Ug s the equilibrium equations considered are:

M u. + C U, + K u, = - M ug ) (6)

. where Uy is the relative displacement of the structure with respect to the ground,

i.e., U, = u - ug.

_ The program can carry out a history analysis for solution of Eq. (5) or (6),
or a response spectrum analysis for solution of Eq. (6). The history analysis can
be qarried out using mode superposition or direct integration. The response spec-
trum analysis necessitates, of course, first the solution of the required eigen-
system.

Response History Analysis by Mode Superposition

In the mode superposition analysis, it is assumed that the structural response
can be described adequately by the p lTowest vibration modes, where p'<<n. Using
the transformation u = ¢X, where the columns in éare the p M-orthonormalized
eigenveqforé, Eq. "(5) can be written as

2

X+ak+ %X = &R (7)
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where

A = diag (20, §.); a® = diag (mf) -(8)

In Eq. '(8) it is assumed that the damping matrix C satisfies the modal-
orthogonality condition

¢ Cey=0 (i#4) | (9)
1

, _Equation (7)  therefore represents p uncoupled second order differential equations.

These are solved in the program using the Wilson @ - method, which is an uncondition-
ally stable step-by-step integration scheme []]f The same time step is used in

the integration of all equations to simplify the calculation of stress components

at preselected times.

In the case of prescribed ground motion u, =9¢’ and in Eq. (7) the right
hand side is given by - ¢TMug, where the ground acce]gration is considered as the

sum of the components in the s, y and z directions.

Response History Analysis by Direct Integration

_ The solution of the equations of motion, Eqs. (5) and (6), can be obtained
by direct integration [1]. In the program the Wilson ©-method is used, which is

‘un¢ondtionally stable. It need be noted that Rayleigh damping is assumed, i.e.

C'=;a M+ 8 K [2]. This form of damping is easily taken account of in the analysis,
because no storage and no multiplications for a damping matrix are required.

5.0 QUALIFICATION

The TMRSAP computer program is designed to perform an elastic analysis of
complex piping systems subjected to. thermal, static and dynamic loads.
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Four (4) types of dynamic analysis can be performed by the program.

1. Determination of system mode shapes and frequencies only.

2. Dynamic Response Analysis for arbitrary time dependent loads
loads using mode superposition. | ’

3. Response Spectrum Analysis.

4. Dynamic Response Analysis for arbitrary time dependent loads
using step-by-step direct integration.

The piping systems to be analyzed may be composed of two element types;
(1) pipe elements (tangent and bend), and (2) boundary elements. The pipe
element may be represented by a straight segment (tangent) or a circularly curved

segment (bend).

The boundary element may be used to constrain nodal displacements

to specified values, to compute support reactions and to provide linear elastic

. supports to nodes.

6.0 VERIFICATION

This section contains the solution comparisons between TMRSAP and independent

documented.

6.1
6.2
6.3
6.4
., 6.5
- .6.6
6.7
6.8

“classical, benchmark, and other pipe stress programs whose solutions have been

The comparison of static, dynamic, and thermal problems are presented
in the Sections indicated below:

Static Analysis - Continuous Beam ‘
Deadweight Load Condition - piping system
Thermal Expansion - piping system

Thermal Expansion - piping system

Dynamic Analysis
Dynamic Analysis
Dynamic Analysis
Dynamic Analysis

natural frequency, cantilevered beam
three dimensional structure
natural frequency, uniform beam

forced response, piping system
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6.1 Static: Analysis

Continuous Beam - Uniformly Loaded - Four Equal Spans

Introduction - The purpose of this problem is to compare the results
arrived at by the TMRSAP program with the results as found in the American In-
stitute of Steel Construction Manual of a uniformly loaded beam whose classical
solution is given. )

- - v
. mmaza

Problem Description - Under the Beam Diagram & Formula Section of the
American Steel Construction Manual [5], a continuous uniformly loaded beam as
shown in Figure 6.1-1 was modeled for input to the TMRSAP computer program.
Sixteen equal segments each 30 inches long were grouped to form four equal spans.
Each span is ten feet.1ong and is simply supported for gravity in the vertical,
direction at each end. This mathemati¢al representation is shown in Figure

6.1-2. A static analysis using the Deadweight option of the TMRSAP computer pro-
gram was then performed.

Property Data

a) Member properties

Pipe Qutside Diameter (inches) ....c.oeveeneeenenenen . 10.75
Pipe Wall Thickness (inches) ...ceevvieennn.. ceveens 1.125
Young's Modulus = E (PSi) ceeeveeeennnn. Ceeeeecaees . 28.3E6

Weight (#/in.) cevveveennnnnnn Ceeeenenas e eaeeeens 10.



*
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BEAM DIAGRAMS AND DEFLECTIONS

For various static loading conditions

39, CONTINUOUS BEAM—FOUR EdUAL SPANS—ALL SPANS LOADED

wl wl . wl L7 S
Ah 1 8 3 1C 1 1D I 1E
. Ra= 0393wl Ra=1143wl Re==0928uwl Ro=118Bwl o _ 4393, .

0.303 wile 0536 wlh—__ 0.464 wib—~ " 0.207 wlL\

SHEAR S N0E07 wl T 0As4wl 056wl 0.3 wi
—01071wiz  —0.0714wk  —0.1071 wi2
+0.0772 w2 /m\w 0364 w /'\1-0 0364 um-i-0.0ﬂZ ul
i ||l 1) ~— \LL K]
MOMENT o 3037 0.5561 | 05351 3931
A Ma‘x. (0.840 ¢ from A and E) = 0.0065 wi*/El .
AMERICAN INSTITUTE OF STEEL CONSTRUCTION
; Figure 6.1-1 Geometry
"0!__0!! 'IOI_OII "OI_OII ‘IOI_OII
Restrained Against T I
Rotation n e~ 2.3 4 56 7 8 91011121314 15 16 17

[ Ty
(<)

Axial Direction
(this joint only)
m

1]

N/

Vertical Supports

Figure 6.1-2 Structural Model
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Point Support Type
1 * XYZ - Restraint
Torsional Restraint -
2
3
4
5 Y-Restraint
6
7
8
9 Y-Restraint
10
11
12
13 Y-Restraint
14
15
16 _ .
17 Y-Restraint

*thg,- Point 1 is supported in the XYZ direction as well as restrained against
torsional rotdtion so as not to create an unstable structure.

Results - listed below are the Reaction Forces for the supported po1nts

comparative results are shown:

“UTELEDYNE
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Joint Coordinates (Inches)

- X

0

30

60

90
120
150
180
210
240
270
300
330
360
390
420
450
480

Y

o

OOOOOOOOOOOOOOOO

z

o

OOOOOOOOOOOOOOOO

The
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REACTION FORCES (1bs)

Reaction Points Steel Manual . TMRSAP Difference (%)
1 0.393 wl = 471.6 473 .3
5 1.145 wl = 1371.6 1367 .3
9 0.928 wl = 1113.6 1120 .6
13 1.193 wl = 1371.6 1367 .3
17 ’ 0.393 w1 = 471.6 | 473 .3

Conclusions - TMRSAP prints reaction forces less than 1 percent (.6) difference
than results shown in the Steel Manual. This difference is well
within acceptable levels.
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6.2 Deadweight Analysis

Introduction - The purpose of this problem is to show that the results
of static deadweight analysis as performed by the TMRSAP program is in agreement
with the results of the Arthur D. Little ADLPIPE program whose results have been
verified. )

Problem Description - A three dimensional piping system consisting of
straight segments, elbows, tees and branch connections is modeled for a deadweight
load condition utilizing TMRSAP. In this loading condition, the bending stresses,
‘forces, moments and displacement as a result of the deadweight Toad of the piping
system are determined. The input parameters to the program include pipe geometry,
physical properties of the pipe as well as concentrated weights in the system.

The program takes into account terminal points, modeled as anchors, and all inter-
"mediate pipe support/hanger locations.

Property Data

a) Member properties

Pipe Outside Diameter (ihches) cereeees ceeeees Y

Wall thickness (inChes) . iieeeveercnvrsoencannans .337
Young's Modulus (PSi) ccevvvverieecnnncncnsaneanss 27.9E6
Weight (1bs/in.) ceeevenanennn tereceseensessseeses 1.719

b) Geometry

A structural model, showing the piping geometry, support type and
location is shown in Figure 6.2-1.
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The reaction forces for terminal ends as well as a few intermediate

Point Program Reaction Forces - Moments
Support Fx(1bs) Fy(1bs) Fz(1bs) Mx(in-1bs) My(in-1bs) Mz(in-1bs)
Type
68 | TMRSAP | -2. 199. 1. 3243, 189. -1768.
Anchor ADLPIPE | -2. 199, 1. 3243. 189. -1768.
215 TMRSAP | 14. 165. 1. 7670. -439. 18017.
Anchor ADLPIPE | 14. 165. 0 7670. -439. 18017.
370 TMRsAP | 21. 367. | “-1. 17089. _767. 41989.
Anchor ADLPIPE | 21. 367. . -1. 17088. -767. 41988,
120 TMRSAP 0. 256. 0. 0. 0. 0.
Y Rest. | ADLPIPE 0. 256. 0. 0. 0. 0.
230 .| TMRSAP 0. 239. 0. 0. 0. 0.
Y Rest. | ADLPIPE 0. 239. 0. . 0. 0. 0.
.290 | TMRSAP -21. 0. -1. 0. 0. 0.
XZ Rest. | ADLPIPE | -21. 0. -1. 0. . 0. 0.

In add1t1on a few points were chosen randomly to compare the d1sp1acements at
these points.
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verified Arthur D.. Little program. (ADLPIPE).

Displacement (inches)
Program Point dx ‘ dy dz
TMRSAP -115 -.0077 -.0387 -.0022
ADLPIPE 115 -.008 -.039 -.002
TMRSAP 160 -.0067 -.0003 -.0048
ADLPIPE 160 -.007 -.000 -.005
TMRSAP 310 -.0019 -.0351 -.0007
ADLPIPE 310 -.002 -.035 -.001
Conclusion - The TMRSAP computer prog?am results are almost identical to the
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6.3 Thermal Expansion - Problem 1

Introduction - The purpose of this problem is to compare the reaction forces
and moments derived by TMRSAP at each terminal end of a three dimensional piping
problem with results as shown in the Piping Design & Engineering Section of the
Grinnell Book. i[3].

Problem Description - A three dimensional piping problem anchored at both
ends and containing two five diameter bends and a standard long radius elbow as
shown in figure 6.3-1 was subjected to a temperature change of 750 degrees F.
+ As a result of the elevated temperature, thermal expansion occurs which induces
forces & moments in the anchors. '

The piping system was mathematically modeled as an elastic system of uniformly
loaded members. These members were divided into straight and curved segments and.
analyzed as a thermal expansion problem to determine theé reactions at both anchors.







Al +

A S Full Anchor

Given: A 10" piping %ystem in accordance with the
. sketch shown above. ‘

" Maximum Operating Pressure P 350 psi

Maximum Operating Temperature  750°F

Piping Specification A.S.T.M. A-106 Grade A

Data:
"~ t = 0.365 inches
schedule 40
10.02 inches

. Q.
n

Find: Reaction forces Fx, Fy and F; at point 11
(at point 1 reaction forces equal and opposite).

Figure 6.3-1 Multiple plane system containing
Circular Arcs.

Bend R
L.R.E11, R =







Property Data -

Member properties

Pipe Outside Diameter (inches) ...cevvvennvevennnes

Wall thickness (inches)
Young's Modulus (psi) ..

9P TELEDYNE
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ooooooooooooooooooooooooooo
ooooooooooooooooooooooooooo

ooooooooooooooooooooooooooo

‘ Results - The reactions (bpth forces & moments) are shown below:

f

Reaction Forces and Moments

Terminal Point #1

Reaction TMRSAP Grinnell Difference (%)
Fx (1bs) 793 811 2.2
Fy (1bs) 503 514 2.2
Fz (1bs) 909 ‘875 3.9
Mx (ft-1bs) 12452 11170 11.5
My (ft-1bs) 41]2 3820 7.6
Mz (ft-1bs) 9371 9550 1.4
Terminal Point #11

Fx (1bs) 793 811 2.2
Fy (1bs) 503 514 2.2
Fz (1bs) 909 875 | 3.9
Mx (ft-1bs) 10598 9930 6.7
My (ft-1bs) 5671 6170 8.8
Mz (ft-1bs) 6889 7020 1.9

Conclusions - From the above table, the results show reasonable agreement.
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6.4 Thermal Expansion - Problem 2

Introduction - The purpose of this problem is to show that the results
"of the thermal expansion analysis as performed by the TMRSAP program is in agree-
ment with the results of the Arthur D. Little (ADLPIPE) program whose results
“have been verified.

Problem Description - A three dimensional piping system consisting of
straight: segments, elbows, tees, and branch connections is modeled for the thermal
expansion load condition utilizing TMRSAP. The mathematical model showing the
piping geometry, pipe changes, concentrated weights as well as pipe support Tocations
is shown in Figure 6.4-1. Note that this is the same piping system that has been
previously used in ;he static comparison between the TMRSAP and ADLPIPE program in
Section 6.2. As a result of strain flow through the piping system, the temperature
change creates thermal expansion and distortion in the pipe. It is this expansion
and distortion that induces thermal stress, forces & moments which are to be com-
pared with the verified ADLPIPE program.

Proper%y Data

a) Member properties

Temperature change (°F) ....... ceenes cesessees 565
Coefficient of Thermal Expansion (in/in./°F).... 7.156E-6
b) Geometry

The mathematical model, as well as all other member properties
are the same as those defined in Section 6.2.

A
bl
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" ONE INCH EQUALS .: .105G63085E+03" -

Figure 6.4-1
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-mediate supports are shown below.
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Results - The reaction forces for terminal ends‘as well as a few inter-

Point Program Reactions
Support Fbrces (1bs5 Mohents (in-ﬁbs)
Type Fx Fy Fz Mx My Mz
" 68 TMRSAP 319. -25. -375. 1337. | -26190. 3008.
Anchor ADLPIPE 320. -25. -375. 1337. | -26248. 3010.
215 TMRSAP 301. -528. 14.0 | -22941. | -20979. -80958.
Anchor ADLPIPE 303. -529. 14.0 | -22973. | -21006. ~-80981.
370 TMRSAP -57. -162. -165. -9606. | 41192. -22915.
Anchor ADLPIPE -55. ~165. ~165. -9736. | 41058. -23267.
- 120 , TMRSAP 0. 46. 0. 0 0. 0.
Y Rest. ADLPIPE 0. " 46. 0. 0 0. 0.
2§Oﬂ TMRSAP 0. 9. 0. 0 0. 0.
Y Rest. ADLPIPE 0. 8. 0. 0 0. 0.
290 TMRSAP 29. 0. 656. 0. 0. 0.
XZ Rest. ADLPIPE 27. 0. 655. 0. 0. 0.







In addition a few points were

at these points.

chosen randomly to compare the displacements
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Displacement (inches)
Program Point dx dy dz
TMRSAP 115 -.5359 .0448 .1302
ADLPIPE -.539 .045 .130
TMRSAP 160 -.4132 ~-.2285 .1984
ADLPIPE’ -.417 -.230 .198
TMRSAP 310 .5011 .1265 1149
ADLPIPE .510 127 .115

Conclusion - A review of the results shows that the TMRSAP program has values

within 1 to 2 percent of the verified ADLPIPE program.

within acceptable Timits.

These values are well
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6.5 Dynamics - Beam Problem

Natural Frequency Calculations of a Uniformly Loaded Cantilevered Beam

Introduction - The purpose of this problem is to compare the dynamic
property, natural frequency, of a uniFEley loaded cantilevered beam as obtained

by the TMRSAP program with the value calculated by a standard analytical procedure
found in any dynamic handbook. .

Problem Description - In the Shock & Vibration Handbook by Harris & Crede
[4], the natural frequencies of some commonly used systems are given. In this
problem, we calculate the natural frequncy of a uniformly -loaded contilevered beam
- according to the formula presented in the handbook and compare it to the value
determined by the Eigenvalue solution in the TMRSAP Program.

In modeling the problem, a 12 inch schedule 40 piBéj-nine feet long,
anchored at one end and free to vibrate is divided into nine equal segments each

_twelve inches long witp a uniformly distributed weight. This is shown in Figurq
*6.5-1. |

Property Data

Member Properties

Pipe Outside Diameter (inches) ........ 12.75

Pipe Wall Thickness (inches) .......... 0.375

Young's Modulus - E (psi) ....... ceeee.  27.9E6

Weight (1bs/in.) «veveevnnnnnnnns cesees 4,1333
Moment of Inertia (inches4) Ceeeesneaes 279.3

Length (inches) ........... ceterennee .. 108
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Full Anchor ' : This End.Free
% T 2 <; = =) = © to Vibrate
g'.Q"
Figure 6.5-1

Hand Calculations

For Beams of Uniform Section and Uniform Distributed Load, the
natural frequency calculation is based upon the formula:

F=A /Eg
2n

w14
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where
F = cycles/sec |
A = coefficient based upon type of supported beam i
A = 3.52 for cantilevered beam (first mode)
g = 386.4 in/sec?
™= 3.1416

A1l other terms, same as property data. For the above problem

F = 3.52 /27.9*106 * 279.3 % 386.4 _ 41. oo
~ 2%3.T4T6 4.133 * (108)4

The TMRSAP program computes the 1st natural frequency at =~ 40 cps. The dif-
ference is 2.64%. )

Conclusions’'- The greater the number of Tumped mass points the more accurate
the results, since the number of dynamic degrees-of-freedom is based upon the
mathematical modeling of the system. The result obtained showing the 2.64% difference
is within acceptable limits.
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6.6 Dynamic Analysis of Three Dimensional Structure

Introduction - The purpose of this prob]eﬁ is to cross-check the results
of TMRSAP with a benchmark previously used in verification and qualification of -
other computer programs. This problem compares the dynamic characteristics, mode
shapes and frequencies, using the lumped mass matrix method aga1nst this benchmark.
As an additional check, TMRSAP results were also compared with exper1menta1 results
obtained from a vibration test machine.

Problem Description - A three dimensional structure comprised of two inch
'steel pipe and steel cubes welded together in the shape of .a coffee table as_shown °
in F1gure 6.6-1 is subjected to vibration to determine the dynamic characteristics

of the structure.

In formulating the mathematical model, the mass of the pipe and cubes are .
Tumped at specified joints connected by massless springs. Each concentrated mass
_or Tumped weight as it is commonly called is assfgned three dynamical degrees-of-

- freedom. The mathematical idealization of this three dimensional structure is shown

{n Figure 6.6-2.

Property Data . '

a) Member Properties

Pipe Outside Diameter (inches) ..... 2.375
Pipe Wall Thickness (inches) ....... 0.154
Young's Modulus - E (pSi) .vevevvn.. 27.9E6
Poisson's Ratio - # ......c000ueee. 0.3

b) Geometry and Weights

. . . Lumped
- Joint Coordinates (inches) . Weights
Point‘ X Y . L (pounds)
. 0 0 0 3.4517
2 27.25 10 0 3.4517
3

27.25 10 17.25 - 3.4517






Point

N9

O N O o

1
12
13
14
15
16
17

18 .

(c)
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Joint Coordinates (inches)

o O Ol

8.625
18.625
27.25
27.25

. 27.25
18.625
8.625

27.25
27.25

System Restraints

Y

10
18

18

.625
18.
18.
18.
18.
18.
18.
.625
18.
18.

o O O O

625

625

625
625
625
625

625
625

17.25
17.25
8.625

o O O O

8.625
17.25
17.25
17.25

17.25
17.25

Lumped

Weights

(pounds)
3.4517
9.7973
3.4517
9.7973
3.4517
3.4517
9.7973
3.4517
9.7973
3.4517
3.4517

O O O ©

(i) 15, 16, 17, and 18 are full anchors. (This is to minimize

- 0 unknown influences at the supports)

(ii) The corners are modeled as the junction of three mutually
perpendicular pipes -- the block stiffness is not taken into

consideration.






Eermpa e W e W e S S Ee A LA M G W e 8 SegRer SR

“PT TELEDYNE
~76- ENGINEERING SERVICES

Figure 6.6-1 Three-Dimensional Structure
: Used in Experiment

Figure 6.6-2 Mathematical Idealization of
Three-Dimensional Structure
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Results

TABLE 1

CALCULATED AND MEASURED RESONANT FREQUENCIES
FOR STRUCTURE SHOWN IN FIG. 6.6-2

Resonant Frequency, cps

Experimentally ANSYS Finite
Measured ‘ ~__Element ' TMRSAP
110 109.0 11.2
117 - 115.9 | 115.8
134 T 135.0 137.1
214 = 212.5 215.8
359 ; 352.4 409.5
382 " 1394.6 422.9
416 M 422.2 451.8
553 532.1 549.2
* 655.8 739.0
697 : 684.9 758.9
* 760.7 851.8
821 822.1 892.7
853 849.3 893.5
885 873.2 911.3
5 932.7

898 - : 903.
* - Not observed experimentally.

The fesu]ts of TMRSAP fall within accpetable limits as shown above.
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6.7 Natural Frequency Calculation, Uniform Beam with Two Concentrated Weights

Introduction - The purpose of this problem is to compare the natural
frequency calculation as determined by hand book procedure with the results de-
termined by the TMRSAP computer program.

Problem Description - A two dimensional beam problem, free to vibrate
in the plane shown, has two concentrated weights Wy = 500 1bs and W2 = 100 1bs.
"This is shown in Figure 6.7-1.

The problem is mathematically modeled as a continuous pipe consisting of
two concentrated weights interconnected by weightless members and supported in the.
manner shown in Figure 6.7-2. 1In this problem, we calculate the natural frequency
by the method given in the Vibration Theory and Applications book [6], and compare
it with the results as printed by the Eigenvalue solution of the TMRSAP program.

Property Data

Membér Properties

Outside Diameter (inches) ........... 12.75

Wail Thickness (inches) ......... eees  0.375
Young's Modulus - E (psi) ceeeesenees 27.9E6
Moment of Inertia (inches4) ...... ... 279.6

Length (GNChES) vevvvveerrnnernnnsens 240.0

Calculation - As presented in the Vibration Thedry and Applications book,[6],
(page -224), the fundamental frequency is defined by the following equation. -

= / EL
W= 4.57 3

where W is the first natural frehuency expressed as radians per second. and all
other terms are the same as prop?rty data. For the above problem;

L

"W = 4.57 / 27.9E6 = 219:8 - 108.5 rad/sec = 17.27 cps
: © (240)
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Figure 6.7-1 Mathematical Idealization of Structure

, . Concentrated
Concentrated wt=100# .

] -/
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-¥>J,
[$2}
o ¢

This joint is also restrained
against rotation in the X Direction

Y

Figure 6.7-2 Two-Dimensional Structure, Concentrated Wts.
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Results - The TMRSAP program prints the first fundamental frequency as
108 rad/sec = 17.19 cps.
X
Also, the amplitude ratio, expressed as Yl
" pared with Thomson's 2.60. 2

» 1S 2.58 from TMRSAP as com-

These results are well within acceptable limits.
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6.8 Dynamic Analysis of a Three-Dimensional Piping System Subjected to
Time Varying Loads

Introduction - A dynamic analysis is performed with the piping shown -
in Figure 6.8-1 using the STARDYNE program and the TMRSAP program with analysis
types,

NDYN = 2; Dynamic Response Analysis for arbitrary time dependent
loads using mode superposition.
NDYN = 4; Dynamic Response Analysis for arbitrary time dependent

loads using step-by-step direct integration.

‘ Problem Description - The computer model is shown in Figure 6.8-1
and is composed of sections of straight pipe, curved pipe (elbows) and a valve
with a concentrated weight. Nodes 1 and 48 are anchors and therefore are pre-
vented from having any displ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>