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Objectives and Motivation ) .

Objective

= Provide supporting evidence of proper implementation of the
advective bar element model in the Sierra/Aria, a finite element

heat transfer code developed at Sandia, through code verification
activities

Motivation

= 1D advective bar is a good approximation when conjugate heat
transfer is needed in a model where 3D CFD 1is too expensive

= Provide confidence to analysts that the advective bar element
model 1s properly implemented

5/20/2016 3



Sandia
National
Laboratories

mh

Advective Bar Element Model

A reduced order finite element model for 1D fluid flow convectively

coupled with a surrounding 3D solid
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Energy advection in fluid flows is integrated with very large existing 3D
models without a significant increase in setup or computation time with
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1D Fluid Flow
Advective Bar Elements

HTC Correlation

3D Fluid Flow
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Governing Equations ) e,

= The 1D mass, momentum, and energy conservation equations for

fluid flow: apf a(pfw)

ot TTaz 0

0_W+ Wa(w) ap+arzz
Prac TP o, T T 9z oz

oT, d T, oT,
i (pwTy) a(k _f>=5

Prévsf ¢ Tlps 9z  0z\ 7 9z

The 3D heat equation for the surrounding solid volume:

pscpSaTs V-(kVT,) =0

= The equations are coupled though the source term S and BCs:
S = h(TS — Tf) dn = h(Tf — Ts)

Presently, the mass and momentum equations are simplified in
the model and only solve the steady-term in the mass equation
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Comparison with ANSYS Fluent® @

340 T T T T | .
A ] -6-Aria z=0 " An advective bar
m = 1.5 kg/s . .
Too13k -&-Aria z=L/2 model for pipe flow
. . -e-Aria z=
320 Stalnless_SteeI Pipe B -Al'la z L_ was Created and
T(x,0) = 323 K Fluent z=0 )
z T(xt) = ? — -Fluent z=L/2 compared with a
— -Fluent z=L model using ANSYS

Fluent®15.0

= Using HTCs
calculated from
ANSYS Fluent,
the temperature
profiles in the pipe
were in close
agreement between
the models
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Verification Strategy )

=  Confirm the proper mapping of bar element nodes to the surrounding
surfaces for several meshes through visual inspection

= Mesh refinement study to demonstrate solution convergence in local
temperatures for a simple problem

= Use the Method of Manufactured Solutions (MMS) to confirm the
appropriate order of convergence in L? and H! norms using an exact
solution:
=  Uncoupled fluid and solid
=  Coupled fluid and solid
= Include temperature-dependent material properties (k and cp)

= Include an empirical heat transfer coefficient correlation

= Dittus-Boelter equation
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Streamwise Mesh Mapping ).

= To reduce computational overhead, only values at the fluid nodes are used
to couple the two models
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= To assure appropriate mapping between the nodes and the surrounding
surfaces, the mapping is visually compared

= Nodes and the corresponding mapped surfaces were colored in alternating
bands
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= For the pipe flow problem, this pattern should be consistent azimuthally
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Streamwise Mesh Mapping ).

= 160 elements axially in the pipe, 80 bar elements
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= 10 elements axially in the pipe, 160 bar elements
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Streamwise Mesh Alignment 1) .

=  Annular flow:
77 elements in the pipe, 48 inner volume elements (variable), 23 bar elements

JL JL %_ %_ %_ JL JI _F _% _k J
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Mesh Refinement )

Five meshes were generated with increasing resolution for the simple pipe
flow problem depicted earlier

10 elements axially/circumferentially in the pipe, 5 bar elements

Each successive mesh uniformly refined by a factor of 2

Problem parameters (1 = 0—2400 s):

Stainless steel 304 pipe, L =3.6576 m, D,= 0.3 m, D;=0.28 m
Air mass flow rate, m = 1.5 kg/s

Inlet temperature of the air, T,(0,t) =213.15 K

Initial Pipe Temperature, T(z,0) = 323 K

A constant HTC coefficient (45 W/m?K) was used on the inner pipe surface
Adiabatic BCs on the pipe

Uniformly
refined 4x

-

105 elements 409680 elements

5/20/2016



Solution Convergence ) .

e | | | —160 elements = The exit air
—80 elements temperature and exit

320 ——40 elements | pipe wall
o :fg 2::22::: temperature are
Y plotted as a function
S300r ) of time for each
g mesh
Q
0E> 280 - 4+ = Solution
— convergence is
& observed in both the
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5 temperature
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Solution Convergence ) .

whe 1 ] " At1=2400s, the
o o t=2400s exit air temperature
224 3 . and exit pipe
< temperature are
O 22381 0 - plotted as a function
S of axial element
% 2236 - length
Q
g = Solution
22341 . convergence is
© observed in both the
E 09391 ] air and the pipe
O temperature
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Solution Convergence
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= The observed order

of accuracy is
calculated locally
over the length of
the pipe for the fluid
and pipe
temperature

ln(H]
I, -1

1n(2)
Local temperatures
are converging at
second order as the

mesh is uniformly
refined

p=
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Applying MMS to Advective Bars k=N

= The Method of Manufactured Solutions (MMS) is applied to the model

for a code verification test:
L(e) is the differential operator

1. Lw) =0 where U is the dependent variable

2. Create a manufactured solution i
3. Create a source term sy, = L(11)
4. Obtain the modified model L(1i) = sy

= The method is applied to the coupled energy and heat equations for the
fluid and the solid in the advective bar model:

oTr  d(pwT;) a [ 0Ty
pch+cp 9z 0z k 0z

T,
PCp 5 — V- (kVTs) = SM.s

S =h(Ts - Tf) n = h(Ty = Ts) + qu
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Applying MMS to Advective Bars k=N

= For a smooth solution, we expect the L? error to follow:

lu—unllo < ch™ Hlully4s

and the H! error to follow:
lu — uh”1 < Chr||u||r+1

C is a positive constant

where
r is the element order (r = 1)

= Thatis, L2-norms should converge at h? and H!-norms should converge at
h' as the mesh is refined

= Solid-fluid coupling may also affect the order of convergence
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Manufactured Solutions L
= Manufactured solutions for the fluid and solid, respectively:
Te=Tig+At-z-e Bl .e7C2 Ts=T,s—D-t-eEt.eFz.e=Cr
—z=0 —=-z=L/10 ----z=L/5 — - 2z=3L/10 330
z=2L/5 —z=L/2 — -2=3L/5 ----2=7L/10
oy |72 AL/ S —— 2= 91/10 —z=L a0
@ 258 Sﬁ: o
“é 243 %
S e
0 100 200 300 4;):;m65(050) 600 700 800 900
= For each refinement, h - h/2 (At/2 and Ax/2)
= The model is simulated for a transient problem fort =0 - 900 s
|

Norms are computed using Encore, another Sierra application
developed at Sandia used for verification and post-processing
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Uncoupled Fluid and Solid ) .

Air Temp - L2

100 Air Temp - L-infinity

= For each successive mesh
refinement, the order of
convergence P 1is

calculated:
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Coupled Fluid and Solid =

Air Temp - L2

Air Temp - L-infinity

1.0

1.0

= For each successive mesh
refinement, the order of

ool | convergence P is

06\ calculated:
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__PipeTemp - L2 voso . FeeTemp-HL coupled through the source

RN IR term and the boundary
condition

Order

LO35F i i
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= The L?-norm in the solid
begins to show first order
convergence
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Empirical HTC & Temp. Dep. Props @

Air Temp - L2 Air Temp - L-infinity

1.0 1.0

= For each successive mesh
refinement, the order of
convergence P 1is
calculated:
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107 T %t et = Including temperature-

_ PpeTemp-H1 dependent properties as
T R third-order polynomials
and the empirical Dittus-
Boelter equation does not
change the convergence

Order

Pipe Temp - L2

1.25 1.040

1.035f oo e
1.20} L
1.030f o
115 T
L.025 v dimnion b
1.020F

: [ v : Lo L.015F -

Nu = 0.023 - Re9-8 - py04

| PIET) RS S I
100b

1.005F o .

0.95 SEEEEEEREES —————— 1000
10 10 10

Relative Element Size
-

5/20/2016




Summary )

A reduced order finite element model for 1D fluid flow convectively
coupled with a surrounding 3D solid has been implemented into the
Sierra/Aria thermal response code

Code verification concepts were applied to the advective bar elements in
Aria to assess its implementation

Mapping the bar nodes to the surrounding surfaces was implemented
correctly, but some anomalous behavior can occur which doesn’t affect
results when typical meshes are used

Solution convergence was observed in the temperature for increasing
mesh resolution

The method of manufactured solutions was applied to the model, but the
appropriate order of convergence was not observed in the fluid, but model
can still be used for predictions since it does converge to correct answer
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