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Abstract

A computer procedure has been developed to model the two-dimensional isothermal flow in
a cross-section of shell-and-tube heat exchangers with complex-shaped tube buhdles, flow
blockages, and shell of any arbitrary shape. The tube bundle region is modeled using the
porous media concept and isotropic drag correlations. A grid generator has been developed to
define the two-dimensional grids that model complex internal detail using a paneling method
and transfinite interpolation. The purpose of this work was to compare the results of flow

predictions for a simplified heat exchanger model using orthogonal and non-orthogonal grids.

The differential equations for conservation of mass and momentum in the z and y di-
rections were discretized using a co-located variable storage scheme and a Finite Volume
Method. The discrete equations for U and V velocities and pressure-correction were solved
using a nine-diagonal iterative solver. The pressure-velocity coupling was handled using
the PWIM and SIMPLEC algorithms. An energy conservation equation was also solved for

selected test cases.

A series of tests were performed to validate the computer code. Then, the results of the
orthogonal and non-orthogonal grids, were compared on a simple slug flow and a simplified
heat exchanger that included a tube bundle tilted at 45°. The results were compared in the
form of streamlines, velocity profiles, and non-dimensional pressure drop in order to observe

the trend toward grid independence as the grid resolution was increased.

The results of the slug flow test, showed that the orthogonal grid appears to give grid
independent results with a coarse grid, while the non-orthogonal grid needed more refine-
ment to produce the same results. The results for the rotated square tube bundle test
showed that the non-orthogonal grid is more efficient in producing grid-independent overall
measurements, as indicated by the non-dimensional pressure drop from inlet to outlet, but
the orthogonal grid approach produced velocity profiles that were slightly closer to the grid

independent solution for the finest grid density tested.
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Nomenclature

A area, [m?]

b source term in algebraic equations

C, non-dimensional pressure drop

Cp specific heat, [J/kg - K]

D diffusion coefficient, [m?/s]

DS distance along 3 vector across the entire panel, [m]
Dy tube volumetric equivalent (hydraulic) diameter,[m]

d tube diameter, [m)]

ds distance along 3 vector for a single control volume, [m]
dt distance along ¢ vector for a single control volume, [m]
f - friction factor around tubes

f interpolation coefficient

Gr Grashof number

g acceleration due to gravity, [m/s?]

h heat transfer coefficient, [W/m? - K]

IB first control volume on the west side of the domain
IE last control volume on the east side of the domain

JB first control volume on the south side of the domain
| JE last control volume on the north side of the domain
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K
k

< Qg e

®O<u

XPD

tube drag coefficient

thermal conductivity, [W/m - K]
turbulence kinetic energy

mass of fluid, [kg]

mass flow rate, [kg/s]

number of nodes along the i index

number of nodes along the j index

ng i+ ny j = normal unit vector

pressure, [N/m?|

Peclet number

Prandtl number

tube pitch, [m]

lagged part of linearized source term

heat flux [W/m?]

active nodal part of linearized source term
Rayleigh number

Reynolds number

linearized source term

Sz i+ 8y ) = west to east geometric grid unit vector
temperature, [K]

time, [s]

i;2+1t,7 = south to north geometric grid unit vector
velocity in the Cartesian z direction, [m/s]
velocity in the Cartesian y direction, [m/s]
Ui+ V3 = velocity vector, [m/s]
volume, [m3]

expansion factor



z horizontal Cartesian direction, [m]

] vertical Cartesian direction, [m]

Greek Letters

Q convective weighting coeflicient for upwind differencing
g volumetric thermal expansion coefficient, [1/K]
53 diffusive weighting coefficient for upwind differencing
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Chapter 1

Introduction

1.1 Overview

Shell-and-tube heat exchangers are widely used in engineering applications and computer
models that predict the shell-side flow and heat transfer have the potential to become im-
portant design tools. A detailed knowledge of the flow and the ability to predict the effect on
the flow of changes to the tube bundle shape and the placement of sealing strips and baffles
should help the designer to reduce tube vibration, to reduce pressure drop, and to improve

the overall performance of the heat exchanger.

In practice, the shapes of the shell and the flow blockages will vary and the tube bundle
boundary may be shaped irregularly. One approach to modeling is to develop a computer
model using a simple, orthogonal grid system and then model the irregular shapes in some
approximate way. A second approach is to develop a computer model that uses a non-
orthogonal grid system that matches the irregular shapes. This work will compare these two

modeling approaches.

This chapter provides a literature review in the background for the present work.
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1.2 Background

In order to provide some background to the present work, some examples of the applica-
tion of numerical methods to various heat exchanger designs is given in this section. This
background is aimed at reviewing current methodology in order to put the present work in

perspective with the state of the art.

There are three main aspects of heat exchanger modeling. The first aspect is the porous
medium approximation to tube bundles. The porosity model of tube bundles along with
a distributed resistance is commonly used instead of solving for the flow around every in-
dividual tube. The second aspect is the type of grid used to model the heat exchanger.
Orthogonal Finite Volume Methods (FVM) are the standard, as described by Patankar [26].
The grid may be Cartesian, cylindrical or a general curvilinear orthogonal coordinate system.
The FVM has been adapted for use on non-orthogonal grids as described, for example, by
Karki and Patankar [17]. The use of co-located variables and Cartesian velocity components
greatly reduced the complexity of the FVM on non-orthogonal grids, as described, for ex-
ample, by Kobayashi [19] and Peri¢[30]. The third aspect is the turbulence effects for heat
exchanger shell-side flows. The three common ways to model turbulence are a fixed effective
viscosity, a mixing length model, and two-equation k—¢ models. The fixed effective viscosity
is used to keep the model for shell-side flow predictions simple, but yet retain the effects of

turbulence.

1.2.1 Modeling of Tube Bundle Flow Application to Heat Ex-
changer Cross Flows
The model of the tube bundle used by most researchers is the porosity concept with a dis-

tributed resistance, which was first described by Patankar and Spalding [28]. Most computers

are not powerful enough to practically model flow around individual tubes, so a global rep-
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resentation of the tubes as a distributed flow blockage in a porous medium was developed.
In a tube bundle the pitch, diameter of tubes, and layout information are used to assign a
percentage of volume that is blocked, thus reducing the shell-side flow area. Correlations
for tube drag are included in the source terms of the discretized equations as a means of

modeling pressure drop and diffusion of momentum caused by the tubes.

The porosity-distributed resistance approach has become the most common method of
treating tube bundle flows because of its simplicity. Rhodes and Carlucci [39] and Theo-
dossiou et al. [42] reported simulations of a rectangular, isothermal model that compared
well with velocity measurements. Al-Sanea et al. [1] simulated flow through the McAllister
condenser using the PHOENICS code to model two-phase flow. Ormiston et al. [24, 25] also
simulated the McAllister test problem. Zhang and Sousa [48] reported good agreement with
experimental results on three condensers. Caremoli [4] simulated a fan-type condenser with
a rectangular shell. Zhang [46] modeled a very large rectangular condenser with a complex
tube bundle. Carlucci et al. [7] modeled a nuclear steam generator under isothermal condi-
tions. Frisina et al. [10] simulated a moderator heat exchanger to resolve vibration problems.
Kao and Cho [16] used a porosity approach in a three-dimensional model of a pressurized
water reactor. Zhang and Sousa [49] simulated a disc-and-doughnut heat exchanger. Car-
lucci and Cheung [5] and Carver [8] used the porosity concept to model a CANDU nuclear

reactor core. Lonsdale and Tierney [21] simulated an X-type cross-flow heat exchanger.

The following are examples of the different types of grid and numerical methods used
to simulate shell-side flow. The first group of simulations used a Cartesian coordinate sys-
tem to model rectangular-shell heat exchangers. Rhodes and Carlucci [39] and Theodos-
siou et al. [42] used the same experimental model but different methods to predict the flow.
Rhodes and Carlucci used hybrid upwind/central differencing, the SIMPLE algorithm on a
staggered grid and a TDMA solver while Theodossiou et al. used SIMPLEC algorithm and a
Multi-grid solution technique. Al-Sanea et al. [1] simulated single-phase flow through a con-

denser with a rectangular tube bundle using the PHOENICS code. Ormiston et al. [24, 25]
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used upwind differencing, the SIMPLEC algorithm on a staggered mesh, and an ADI solver.

Zhang and Sousa [48] simulated three different condenser configurations using the SIM-
PLEC algorithin on staggered grids. One of their examples had a tube bundle that was
not aligned exactly with the grid so some aliasing of the tube bundle was necessary and
they found good agreement with experimental results. Zhang [46] presented a numerical
model of a large rectangular heat exchanger in which the tube bundle was complex. She
simulated 16 profiles along the length of tubes, a quasi-three-dimensional procedure. Care-
moli [4] used upwind differencing, the SIMPLE algorithm, staggered variables and a TDMA
solver in a code called CALICO developed by Electricité de France. He simulated two-phase,
two-dimensional flow in a power plant condenser with tube bundles that are in a fan arrange-
ment. He found good agreement of pressure predictions compared with an actual working

condenser.

The second group of simulations used a cylindrical coordinate system to model cylin-
drical shell heat exchangers. Carlucci et al. [7] used a hybrid upwind/central differencing
scheme, the SIMPLE algorithm on a staggered mesh and a TDMA solver. Kao and Cho [16]
used an Implicit Continuum-Fluid Eulerian (ICE) method on a three-dimensional system.
Zhang and Sousa [49] simulate a disc-and-doughnut heat exchanger. Carlucci and Cheung [5]
used hybrid upwind/central differencing, the SIMPLE algorithm on a staggered mesh and
a TDMA solver. They found that the symmetry constraints prevent stabilizing influences
from crossing the plane. Solving the full cylinder model gave a more stable flow pattern.

They also used the time-marching approach to eliminate convergence problems.

Lonsdale and Tierney [21] reported using a three-dimensional unstructured mesh that
matches all irregular shapes and the Finite Element Method (FEM) to solve the Navier-
Stokes equations. This finite element approach is very powerful in modeling of the correct
shape. Carlucci et al. [6] report a number of simulations in both Cartesian and cylindrical

coordinates as part of ongoing work to validate modeling aspects such as turbulence mixing.
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The following are examples of the different methods used to model turbulence in heat
exchangers. Rhodes and Carlucci [39] and Theodossiou et al. [42] use a fixed viscosity
which is estimated from a representative measured turbulence intensity from their model
and an average mixing length. Theodossiou et al. concluded that resistance forces dominate
the flow so complex turbulence modeling is unwarranted. Zhang [46] assumed turbulent
viscosity to be 100 times dynamic viscosity and very little difference was found using different
multiples because of the dominance of hydraulic resistance. Zhang and Sousa [48] used a
turbulent viscosity uniformly set at twenty times the dynamic viscosity and reported only
minor differences as the viscosity multiple increased four-fold and good agreement with
experimental results. Ormiston et al. [24] set a constant turbulent viscosity of 1.0 x 1072,
Carlucci et al. [7] set the effective viscosity equal to laminar viscosity so that the only effective

momentum sinks were the resistance terms.

Al-Sanea et al. [1] compared fixed and variable properties and found that varying the
turbulent viscosity produces more physically realistic results but also that reasonable sim-
ulations can be done with constant properties. For the tube-free region they used a fixed
viscosity set by a mixing length model and the tube-filled region had a variable viscosity set

by another mixing length model which included mass flow as a parameter.

Zhang and Sousa [49] use a modified k- model that deals with walls and baffles without
the need for separate wall functions while Carlucci and Cheung [5] used a k—e model and

wall functions. Lonsdale and Tierney [21] used the k—e model for the tube-free space only.

In the previous work, the simulations were mainly for orthogonal grid systems and only
matched the shell shape and tube bundle in as much as they also had Cartesian or cylindrical
shapes. Some of the simulations did not have pure cross flow but still used a porosity that was
isotropic. Constant effective viscosity was commonly used in tube-filled regions to keep the
model simple. Some turbulence models, however, showed an improvement in the accuracy

of the simulation if the viscosity was not kept constant.
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1.2.2 Numerical Method

Typically, in previous shell-side flow calculations in literature, the differential equations
for momentum, continuity, and energy have been volume- and time-averaged in primitive
variable form. A standard Finite Volume Method (FVM) is often used on a staggered
grid. The tridiagonal matrix Algorithm (TDMA) based solver is commonly used in many
orthogonal applications with the standard five point computational molecule because it does

not demand much storage and is efficient for small matrices.

The pressure-velocity coupling is usually accomplished using a staggered grid and the
SIMPLE algorithm by Patankar and Spalding [27]. Improvements have been made by Van
Doormaal and Raithby [43] in the SIMPLEC algorithm which is more robust, efficient and

is suitable for modeling heat exchanger shell-side flow.

Flow calculation methods on co-located, non-staggered grids have been developed recently
and have several advantages over staggered grid methods. For non-orthogonal grids, however,
a special scheme must be used to deal with the pressure-velocity coupling, as shown by Rhie
and Chow [38]. Perié [33] compared the staggered and non-staggered grid approaches and
found that the co-located method converges faster in some cases, and has advantages when

using multi-grid and non-orthogonal grids.

1.3 The Present Work

In the present work, a shell-side flow solution scheme was developed that uses a FVM, co-
located variable storage, and a non-orthogonal grid. The FVM, as described by Patankar [26],
was used to discretize the U and V momentum, continuity and encrgy equations for incom-

pressible, viscous, single phase flow. Cartesian velocity components are used.

The tube bundle is modeled as an isotropic porous medium. The porosity accounts for

flow area reduction and depends on the tube pitch, diameter and arrangement. In the porous
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region, tube drag correlations control the amount of cross-flow resistance and introduces
drag in the source terms of the discrete momentum equations. To model turbulent flow,
this work uses a constant effective viscosity and wall functions as described by Launder and

Spalding [20], Brown and Raithby [2] and White [45].

The present work follows methods that are considered “state of the art” which are not yet
in common use for heat exchanger shell-side flow calculations. Co-located variable storage
was used specifically because of the purpose of comparing orthogonal and non-orthogonal grid
systems. It would have been more difficult to implement solution techniques and boundary
conditions on a non-orthogonal grid using a staggered grid approach. A grid generator was

developed that creates non-orthogonal grids using a paneling method.

A segregated solution scheme based on the SIMPLEC algorithm developed by Van Door-
maal and Raithby [43] is used along with the Pressure-Weighted Interpolation Method
(PWIM) described by Rhie and Chow [38] and Miller and Schmidt [23]. The PWIM over-
comes the pressure decoupling problems that arise on a non-staggered grid. A standard
Alternating-Direction Implicit (ADI) method is used to solve the discretized equations when
they are cast in five-point form. The use of severe non-orthogonal grids, however, required a
nine-point formulation. In that case the nine-diagonal semi-implicit iterative solver presented

by Perié [31], was used.

1.4 Scope

A simple method of modeling a complex tube bundle boundary in a heat exchanger shell-side
flow simulation is to use an aliasing procedure on an orthogonal grid. A potentially more
accurate method of modeling a tube bundle boundary would be to use a non-orthogonal,
boundary-fitted grid. It has not been established that the second, newer, approach is an

improvement on the first. To assess the two methods, characteristics such as stability, com-
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putational time required, and sensitivity to grid refinement should be compared. The focus
of this work is to compare simulations of heat exchanger shell-side flows using orthogonal
and non-orthogonal grid systems. The main characteristic use will be sensitivity to grid

refinement.

The simulations predict the two-dimensional, incompressible, shell-side flow in a cross-
section of a simplified model of a heat exchanger. The tube bundle will be treated as a
porous medium but each grid system will map the tube bundle region in a different way. An
orthogonal grid will approximate non-aligned tube bundle boundary in a stepwise fashion
(called “aliasing”) and set the control volumes with a porosity that reflects the fact that only
part of the control volume is filled with porous medium. A non-orthogonal grid will set a grid
line directly on the tube bundle boundary and will match the defined tube bundle boundary.
As a result, each control volume is either completely in, or outside, the tube bundle region.
A comparison will be made between the results using orthogonal and non-orthogonal grids
to observe the differences in the flow predictions and the characteristics of the solution as

the grid is refined.

There are no suitable experiments that may be used to compare only the effects of how
the tube bundle boundary is matched. Existing experiments are either for orthogonal and
one-dimensional flow or are much too complex for clear comparison of the two grid systems.
Therefore, the two grid systems can only be compared against each other in specially designed

test problems.

Two test problems will be defined and used. The first simulates flow in and out of
the center of a tube bundle with no walls or blockage effects. The second simulates more

complex, more realistic heat exchanger shell-side flow.

The computer code developed for these comparisons will be validated on standard test

problems in comparison with published results.

In the discussion of results, the issue of solution errors introduced by the interface between
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the tube filled region and free fluid is addressed. These errors are important because of the
complexity of the flow solution on the co-located non-orthogonal grid system and can have
a significant effect on the behavior of the flow. The effort required to fully understand and
resolve this issue is tremendous (a separate independent area of research) and is beyond the

scope of this work.

1.5 OQOutline

The remainder of this thesis is arranged as follows: Chapter 2 presents the mathematical
model based on Navier-Stokes equations in two dimensions. The theory behind the porosity
model used is introduced. The simple turbulence model, wall functions, and the treatment

of the boundary conditions are discussed.

Chapter 3 presents the method used to generate the grids in this work. The basic nomen-

clature of the grid system and a general paneling method of combining grids is described.

Chapter 4 presents the numerical model. The integration of the differential equations
and the derivation of the algebraic equation set are presented. There is a detailed discussion
of each of the terms in the equations and the velocity boundary conditions implementation
is explained in detail. Special regions within the grid that represent the tube bundle and

the blockages are also discussed.

Chapter 5 presents an explanation of the numerical solution method. The solvers that

were used are discussed and the algorithm to treat the pressure-velocity coupling is given.

Chapter 6 presents test problems used to validate the computer code. Problems with
known results, or published solutions, are solved using different grids to focus on and present
the differences in the results. Each test is chosen to validate particular aspects of the code

and the methods used.
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Chapter 7 presents and discusses the two main test problems: the slug flow through a

slanted tube bundle and the simple heat exchanger with a rotated square tube bundle.

Chapter 8 provides a summary of the main results in this work and presents conclusions.



Chapter 2

The Mathematical Model

2.1 Differential Equations

The equations governing fluid motion in this work are the Navier-Stokes equations. These
equations are applicable for two-dimensional, incompressible, Newtonian, viscous flow and
are presented in this section. The equations consist of one partial differential equation for
conservation of mass, two partial differential equations for momentum conservation (one for
each of the z and y Cartesian coordinate directions), and one partial differential equation
for conservation of energy. These coupled, non-linear partial differential equations will be
integrated over time and volume using a Finite Volume Method (FVM). The primitive
variable form is retained and co-located (non-staggered) variable storage on a non-orthogonal

grid is used. A unit depth in the z direction is assumed.

In Cartesian coordinates, the partial differential equation for conservation of mass is

0 0 0
25 (EP) + 5-(EpU) + %(EPV) =0 (2.1)

This continuity equation controls the conservation of mass in time and space. The first term

in Equation 2.1 is the transient term. The second and third terms balance the transport of

11
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mass in the z—y plane carried by the U and V velocities. The porosity, €, in each term is the
ratio of fluid volume to total volume of a given volume of space. The porosity, €, is included
in every term as a result of the volume averaging [24] because it modifies the volume of fluid

available in each control volume.

The governing equation for the U velocity (the Cartesian 2-direction velocity) is found
through the conservation of momentum in the z-direction. The z-direction conservation of
momentum equation is

5} 3, 2, oP R
a(é‘pU) + _B—:E(SPUU) + b—?j(EpVU) = —85—5 —EK*p|V|U

0 ou 0 ou
+ 5. <5Meff%> * 5y (‘C:/%ffaj) —Epgs (2:2)

The first term in Equation (2.2) is the transient term. The second and third terms are terms
for the advection of momentum. The first term on the right side of the equation is the
pressure gradient. The second term on the right side is the cross flow tube drag as proposed
by Butterworth [3]. The third and fourth terms on the right side represent the diffusion of

momentum. The last term in Equation (2.2) is the gravity body force term.

The governing equation for the V velocity (the Cartesian y-direction velocity) is found
through the conservation of momentum in the y direction. The y-direction conservation of

momentum equation is

) 8 ) oP .
E);(EpV) + a—£(€pUV) + @(6[)‘/‘/) = —85!/— —EK /)lVlV

0 ov 0 ov
e e ~ —_— e T - 2'
+ O (8/1, ff ax> + By <€.u' ff 8?]) € PGy ( 3)
All the terms in Equation (2.3) are analogous to those in Equation (2.2).

The above equations are sufficient for an isothermal flow simulation. In sclected cases,
when validating the computer model, the governing equations were extended to include an

equation for the temperature field.
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The temperature field is governed by the conservation of energy equation. The partial

differential equation for T is

0 0 0 0

. T .
o k aT) 0 ( k9 >+85;” (2.4)

Cp Ox oy \ Cp oy
The first term in Equation (2.4) is the transient term. The second and third terms are the
advection of energy terms. The first two terms on the right side of Equation (2.4) are energy

transfer by conduction, and the last term is a volumetric energy source.

Equations (2.2), (2.3), and (2.4) are used for U, V, and T respectively. The only variable
left is pressure, but the only equation not associated with a dependent variable is the con-
tinuity equation, (Equation (2.1)). The continuity equation only has velocities and only the
momentum equations contain pressure terms, therefore continuity must serve to couple the
pressure and velocity together. This is the basis of the pressure-velocity coupling algorithm

used to solve the discrete equation set, as described later in Section 5.2.

Each of the above equations is integrated with respect to time and volume to produce a
linear algebraic equation set that can be solved using numerical methods. The details of the

discretization appear in Chapter 4.

2.2 Porosity

As previously mentioned, the porosity, €, is the ratio of fluid volume to the total volume,
Vs /Viorar- It is used to describe the percentage of the flow not blocked by a solid. Porosity
can vary between 1 in the tube-free region (fluid only) and the value for a control volume
that is completely inside a tubc bundle, £;. The portion, or percentage, of the control
volume that is in the tube bundle is described by the porosity percentage, v. For a specific
control volume that is completely outside of a tube bundle v = 0, but for a control volume

completely inside a tube bundle vy = 1. For a control volume that straddles the tube bundle
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boundary, 7 is set at some intermediate value depending on where the defined boundary
intersects the control volume faces. The following relation indicates in mathematical terms
how the percentage and the porosity are linked:

e=pt=r&+(1-7) (25)
The theoretical porosity value of a tube bundle, €;, is determined from the tube pitch, the

diameter of the tubes, and the tube bundle layout.

The tube bundle layout is described in two general groups. The square tube bundle
layout is described as rows of tubes with the distance between rows the same as between
tubes. The triangular tube bundle is described as rows of tube offset in such a manner that
for alternating rows, the tubes lie in between tubes in the neighboring rows. The distance
between tubes along a row is the same as the distan_ce diagonally to the tube in the next
row, so that any three tubes produce an equilateral triangle. The porosity for a square tube

bundle is

g, =1- % (;%)2 (2.6)

and for a triangular tube bundle is

E,=1— 2—% <;—;)2 (2.7)

In some applications distances between tubes and rows can vary but Equations (2.6) and

(2.7) were derived for equal pitch in both directions.

It should be noted that when the pitch and diameter of the tubes are equal, flow across
the tube bundle is completely blocked. In this case, a porosity of zero would be expected to
be consistent with zero flow area, but the porosity give by Equations (2.6) and (2.7) would
not be equal to zero. This inconsistency in the porosity calculation poses no problems since
tubes in contact with each other is not an expected condition in a heat exchanger design. A

separate mechanism is used to model flow blockages.
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In the implementation of the computer model a volume variable represents the entire
volume of a control volume. The porosity and the full volume are combined to indicate the
volume of fluid in a control volume. The control volume face area is also reduced in the same
manner. In the model a so-called free stream velocity may be calculated by multiplying the
fluid velocity (found in calculations) by the porosity. In mathematical terms the relationships

described above are given as:

Ve=V; =Ep¥p A= E A,

4 (2.8)

In the computer code all four control volume face areas (from grid generation) are multi-
plied by the porosity associated with that control volume. Conflicts arise, however, wherever
porosity changes. At the interface between two control volumes of different porosities, the
common face porosity is set equal to the lower of the two adjacent control volume porosities.
The reason for choosing the lower porosity at a face is the prediction of physically realistic

face velocities at the interface under the constraint of conservation of mass.

2.3 Turbulence Model

Turbulence effects are modeled using a constant effective viscosity. The effective viscosity,

Legs, is defined as the sum of molecular and turbulent viscosities

Hefr = fb+ [y (2.9)

The turbulent viscosity can be many times larger than laminar viscosity and normally varies

locally throughout the ddmain, depending on the flow.

In this work, the turbulence is modeled by the use of an effective viscosity that is a
constant multiple of the molecular viscosity. The effective viscosity is set to a multiple of

25 to 100 times the laminar viscosity. The fixed viscosity eliminates the local changes in
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turbulent diffusion of momentum. More detail on the fixed viscosity multiple is given in

Section 4.6.

Wall functions are used at solid boundaries. The wall function method used in the present
work is implemented as reported by Launder and Spalding [20] and following the example
of Brown and Raithby [2] and White [45]. Wall functions replace the diffusion term with
a shear stress in the control volume next to solid blockages and walls. The shear stress
imposed at the wall is lower than without the wall functions because the effective viscosity is
reduced. This change of wall shear stress effectively reduces the boundary layer to produce
a profile that more closely matches the expected turbulent profile even though there are not
enough control volumes near the boundary to model it accurately. More detail on the wall

shear stress is given in Section 4.7.6.

2.4 Treatment of Boundary Conditions

There are two types of boundary condition used in the present work. First, the Dirichlet
condition specifies the value of a variable at a boundary. Second, the Neumann condition
specifies the value of the gradient of a variable at a boundary. Boundary conditions are
described below in general, as they were applied for the velocity, pressure, and tempera-
ture. The details of the implementation of the discrete boundary conditions are discussed in

Section 4.7

2.4.1 Nodal Velocity

The Dirichlet boundary condition, a desired value of velocity is specified on the boundary.
In general terms, @ongry = Popee, where @ is cither U or V' velocity and sndry refers to cither

the north, south, east or west boundary.
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The Neumann boundary condition for velocity, is more difficult because of the non-
orthogonal grid. The Neumann boundary condition may be for a gradient normal to the
boundary, 7‘?%, or in a Cartesian direction (for example: %%—) For a Cartesian vertical
boundary these two gradients are equivalent. On a non-orthogonal grid, however, these two
gradients may not be the same. The present work uses the boundary conditions in the
Cartesian directions because the scope of the work is limited to the comparison between

orthogonal and non-orthogonal grids with identical Cartesian external boundaries.

2.4.2 Pressure

There is no equation that solves for pressure directly, but pressure is found through the
pressure-correction equation, which is the result of SIMPLEC and the PWIM, which are
discussed in Chapter 5. Thus, the pressure is dependent on the face velocities and, by
extension, the velocity boundary conditions. There is no direct pressure boundary condition

specification in this work.

2.4.3 Face Velocity

The PWIM is used to calculate face velocities, whose boundary conditions are set the same
way as nodal velocities (described in Section 2.4.1). Since all the boundaries have zero-width
control volumes, the face and nodal points are coincident on the boundary. For a Dirichlet
boundary condition, the face velocities on the boundary are set to equal the nodal velocities,
®foce = Ppodar- For Neumann boundary conditions, —38%3 is applied to face velocities on a
Cartesian vertical boundary, but the whole control volume width is used in the gradient

calculation.
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2.4.4 Blockages

The blockages are treated as solid wall and a Dirichlet boundary condition for velocity is
set. The value of velocity is set to zero on the faces and everywhere inside a blockage. The
momentum and continuity coefficients are adjusted to reflect both the zero velocities at the

blockage faces and the removal of connections to pressure nodes inside the blockage.

2.4.5 Temperature

The Dirichlet boundary condition for temperature is exactly like the velocity Dirichlet condi-
tion. The desired value of temperature is specified for all the nodes that are on the boundary,

mathematically represented as, Tynary = Tispec-

The Neumann boundary condition for temperature is similar to that for velocity except
that the heat flux is set rather than just the temperature gradient. Furthermore, the tem-
perature gradient is taken normal to the boundary. The heat flux over the control volume

face area is

v 4 AGT

(2.10)

—

A on

Thus, setting the heat flux is analogous to setting the temperature gradient specified for the

nodes on a boundary.



Chapter 3

Grid Generation

3.1 Introduction

In order to discretize the differential equations, the computational domain is subdivided into
a set of control volumes (called a grid) that conforms to the domain boundaries and, as much
as possible, to any of the interior boundaries. In this work, the grid is constrained to be
structured. A non-orthogonal grid may be generated that is made up of quadrilateral control
volumes that can be expanded or contracted across the domain. This general grid generation
method is also used to produce Cartesian grids. The specific locations of all the coordinate
points of the grid are controlled by transfinite interpolation as well as an expansion factor.

A more complex domain can be mapped by assembling a number of grids together as panels.

3.2 Generation Method

The method of grid generation used in this work is very similar to the transfinite interpolation
method as described by Knupp [18]. Once the four vertices of the grid are specified, the grid

boundary can be defined as either a straight line, arc, or an arbitrary line defined by points.

19
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An expansion factor can be applied along a straight or curved boundary. The interior grid is
simply a double linear interpolation between opposite defined boundary points. The result
is a clearly laid out set of coordinates that define nodes centered in control volumes. The
distances, areas, and volumes are all calculated and stored as described in the next section.
There is also a capability to combine these grids, using a paneling approach, to build up
complex structured grids. The complex grid permits the modeling of interior structures such

as tube bundles and blockages.

3.2.1 Grid Geometry

Figure 3.1 shows a sample grid consisting of nine control volumes. The grid does not have to
be aligned with the Cartesian directions, it is shown this way to read the labels clearly. The

control volumes are labeled in the compass-point notation. The reason for the “nine-point”

j index)
Y
NW N NE
e e e
i-1,j+1 Lj+l f i+l j+l
n
WC w PO € EC
i-1,j 1, i+1,j
S
SW S SE
e ) e
i-1,j-1 L,j-1 i+l,j-1
-
X
(i index)

Figure 3.1: Indexing and Notation for Neighboring Control Volumes.
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compass notation will be described later in connection with the solution of the algebraic
equation in Chapter 4. The ¢ and j indices reference each control volume in an organized
fashion. The 4 index proceeds from IB (i = 2) for the first control volume on the west side
of the domain to IE (i = NX + 1) for the last control volume on the east, where NX is
the number of control volumes along the ¢ index. The west to east direction of increasing i
index is referred to as the § direction. The j index goes from the first control volume on the
south, JB (j = 2), to the last control volume on the north, JE (j = NY + 1), where NY is
the number of control volumes along the j index. The south to north direction of increasing
j index is referred to as the ¢ direction. Each control volume also has a north, south, west
and east face as indicated by the lower case letters in the center (present) control volume

labeled “P”.

There are nodes in zero width control volumes on the boundaries of the domain to
implement the boundary conditions. These nodes are referenced by IB — 1 on the west,
IE +1 on the east, JB — 1 on the south, and JE + 1 on the north and reside in zero-width

control volumes referred to as fictitious control volumes!.

Each control volume is made up of four quadrants, each referred to by geographical
directions, northeast (NE), southeast (SE), northwest (NW), and southwest (SW). Figure 3.2

shows these quadrants with the node in the center.

The locations of point where z and y coordinate values are stored are labeled in Fig-
ure 3.3. The center node, “P”, is referenced as “southwest” and the top right corner as
“northeast”. The south points are referenced as the north points of the control volume
to the south, for example (XNW(;;_1), Y NW;;_1)). The west points are referenced as

the east points of the control volume to the west. The southwest corner is referenced as

!The boundary conditions are stored in the coefficients of the fictitious control volumes and are absorbed
into the interior control volumes. Therefore, no computation ever occurs to calculate the nodal values of
boundary control volumes. Their values are found from the boundary conditions after the interior nodes are

known.
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NW ! NE
P

————r--—

swg SE

Figure 3.2: Quadrant Notation for a Control Volume.

— & = @ location of
(XNW,YNW)  [(XNE,YNE) stored value
e
(XSW,YSW) (XSE,YSE)

Figure 3.3: Coordinates of Control Volume Points.

(XNEG-15-1), Y NE_15-1)).
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The nomenclature for control volume distances, areas, and volumes are shown in Fig-

ure 3.4 on an orthogonal grid for simplicity. The distances are the length between points

in the control volume. The areas are equal to the distance between points multiplied by a

unit thickness of the control volume. When the grid is non-orthogonal the quadrants are

split into two triangles each. The volume of each triangle is calculated and then the two are

added together to get the correct volume for ecach quadrant.

The non-orthogonal grid needs some direction unit vectors and distances defined because

the grid will not necessarily be aligned with the Cartesian coordinate directions. As shown

in Figure 3.5, there are separate direction vectors for each face and the central node of the

main control volume. The § vectors point from west to east and the f vectors point from
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Figure 3.4: Lengths, Areas, and Volumes of a Control Volume.
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Figure 3.5: Grid Direction Vectors.
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south to north. The vectors on the east face of the present node are labeled “e”, and on the
north face “n”. The vectors would also occur on the west and south of the present node but

would be referenced by ¢ — 1 and j — 1 respectively.

Since the grid may be skewed, some variables are defined that describe the distance
between locations. Figure 3.6 shows the location of these distance variables. The distance

between a node and its neighbor to the east, along the §, vector, is defined as:

2 2
(ds)eg, 5y = \/ (XSWeasrg) = XSWeiy) + (Y SWisrr,) — Y SWei) (3.1)

The distance between a node and its neighbor to the north, along the ¢, vector, is defined

as:

2 2
(dt)n(i,j) = \/(XSVV(Z'J‘+1) — XSW(@j)) + (YSW(i,j+1) — YSW(M)) (3.2)
The distances (ds),, and (dt). are defined as

(dS) = DIN‘/V(i,j) + DINE(i’j) (33)

n(i,5)
and
(dB)e;,;y = DISE ) + DINE (3.4)

respectively, and are always equal to the sum of grid quadrant distance variables even if
the grid is skewed. The distances (ds) and (dt) are also evaluated for the nodal location
((ds)p and (dt),), the west face ((dt),), and the south face ((ds),) in a similar fashion as
Equations (3.3) and (3.4). Note that (ds), and (dt); are defined in a similar fashion to
Equations (3.1)and (3.2) respectively, although they are not shown in Figure 3.6.

The north normal unit vector, 7, is defined outward normal to the north face of a control
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Xy

Figure 3.6: Location of Distance Variables.
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volume as follows:

— (YNEgj — YNEq_1) ,

Tn(s,j) = 3 2
\/ (XNEgj— XNEq 1) + (Y NEqy —YNEqy,)
(XNEGj — XNE; 1)

+ i (3.5)
2 2
\/ (XNEg, - XNEg 1) + (YNEus — YNE¢_1 )
or in terms of arc lengths
a T (YNEuy — YNEi 1) . (XNEgy — XNEg-1,) . (3.6)
n(ij) = (ds)n (ds)n, :

where the gradients are defined and evaluated at the north face and converted to normal

unit vector notation

. oxz| . Oyl . . R
Mn(,j) = gﬁn t+ 3_7J1L J=Nant+ Nyp J (3.7)

The east normal unit vector,n,, is defined outward normal to the east face of a control

volume as follows:

(YNEq ) — YNEq 1)

2

Me(i,g) = 5

\/ (XNE@j~ XNEg) + (Y NEyy — YNEg; 1)
— (XNEg; - XNEg; 1)

+ - =7 (3.8)
\/ (XNEgy - XNEq 1) + (YNEgs — Y NEg;_)
or in terms of arc lengths
, (YNEu; —YNEu;) - (XNEg; — XN E;j1) . (3.9)

Ne(if) = i+
e(i.j) (dt)e (dt).
where the gradients are defined and evaluated at the east face and converted to normal unit

vector notation

. ox| . 0Oyl . A .
Ne(i,j) = %L (an —a—zL J=TNgel+ Nye ) (3.10)
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The west to east geometric grid unit vector for the north face of a control volume, §,, is
defined along the line between the northwest and northeast corners of a control volume as

follows:
(XNEq; - XNE_1,)

i

Sn(g) =
’ \/ (XNE; - XNE(i_l,j)>2 + (YNEq,, - YNE@_IJ-))Z’

(YNE(i,j) — YNE(i—l,j))

+ : ; =7 (3.11)
\/ (XNEuj— XNEg_1p) + (YNEg ) — Y NE¢_1;)
or in terms of arc lengths
a (XNEg,) - XNE 1) ; (YNEu;) —YNEG 1)) (3.12)
n{4,5) (dS)n (dS)n .

where the gradients are defined and evaluated at the north face and converted to a west to

east geometric grid unit vector notation

oz

. . Oy
SnGd) = g

nz+ a—SLj:sm'Z—#synj (3.13)

The west to east geometric grid unit vector for the east face of a control volume, &, is
defined along the line between the present node and east node as follows:
, (XSWi1 — XSWeiyy) (Y SWitryy — Y'S Weg)
eted) = (ds) o (ds)
€(i,9) €t.9)

where the gradients are defined and evaluated at the east face and converted to a west to

(3.14)

east geometric grid unit vector notation

. ox| . Oyl . . )
Se(i,j) = _é_(;L t+ %e J= Sget+ Sye ] (315)

The west to east geometric grid unit vector for the center of a control volume, 8p, 18
defined along a line between the center of the west face and center of the east face as follows:

(XSEuj — XSEq1)

~

Spig) =
™ \/ (X SEqp—X SE(i—l,j)>2 + (YSE(i,j) -Ys E(i—l,j))2
(YSEg,) — YSEu 1)

+ 7 (3.16)

\/(XSE(i’j) - XSE(i_l,j)>2 + (YSE(i’j) — YSE(Z-_17]'))2
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or in terms of arc lengths

B o (XSEqs) — XSE¢-1,) . (YSEBuj —YSEu 1) .
P (ds)y (ds),

(3.17)

where the gradients are defined and evaluated at the center of a control volume and converted

to a west to east geometric grid unit vector notation

N ox| . Iy . . .
Sp(i.j) = %p 1+ a—SLJ =Sapt T Syp ) (3.18)

The south to north geometric grid unit vector for the north face of a control volume, &,
is defined along the line between the present node and north node as follows:

£ (XSWi11) — XSWei ) . (YSWegin) = YSWiyp)
n{i,j) — (dt)n(i’j) (dt)n(i’j) J

(3.19)

where the gradients are defined and evaluated at the north face and converted to a south to

north geometric grid unit vector notation

3y

- ox| . . . )
bnig) = EL t+ 0tL J=tant+tyn ) (3.20)

The south to north geometric grid unit vector for the east face of a control volume, £,,
is defined along the line between the southeast and northeast corners of a control volume as

follows:

~

= 1

(XNEgy — XNEg;-)

o) = =
\/ (XNEuj— XNEg;1)) + (YNEg — YNEu; 1)
(YNE; — YNEq 1))

+ - _j (3.21)
\/ (XNEs — XNE;j-1) + (YNEgs —YNEq 1))
or in terms of arc lengths
P (XNEuj— XNEy; 1)) . (YNEG; —YNEg; 1) . (3.22)
&) = (dt)e (dt). '
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where the gradients are defined and evaluated at the east face and converted to a south to

north geometric grid unit vector notation
- Oz| . Oy| . . .
te(i,j) = gt—L [ *a_i'L J=taet +lye ) (3.23)

The south to north geometric grid unit vector for the center of a control volume, fp, is
defined along a line between the center of the south face and the center of the north face as
follows:

. (XNWg — XNWiyop))

~

7

t .7 ==
" \/ (XNWigy — XNWiisony)” + (Y NWisg) = Y NWieyon))'
(Y N W) = Y NWiiyo)

+ - =7 (3.24)
\/ (XNWj = XNWeiop) + (Y NWg) — Y NW 1))
or in terms of arc lengths
P (XNW 5 — XNWep) - (Y NWy — Y NWe) . (3.25)
Pe (db), | (d)y |

where the gradients are defined and evaluated at the center of a control volume and converted

to a south to north geometric grid unit vector notation

A 3xLA @

bpGig) = EriRen

~

J=1lap i+ typ J (326)
P

3.2.2 Grid Expansion Factor

The control volumes need not be uniformly spaced between vertices of the grid. An expansion
factor is defined such that the neighboring control volume along a grid boundary is a given
percentage larger (expanded) or smaller (contracted) than the present control volume. This
geometric expansion is carried out on all four boundaries separately. As an example, the

equation

(ds)n(m,w_l) = (ds)n(i,JB-—l) XPD, (3.27)
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shows that the expansion factor for the south boundary of a grid, X PD,, multiplies the
present control volume south-face length to find the length of the adjacent control volume
south face . The result of this expansion is that the overall arc length of the south boundary

of the grid, (DS)s, is

(DS)s: Z (ds)n(i+1,w—1)

i=1,NX
= (ds)n(IB,JB—l) + (ds)n(13+1,13—1) + (dS)TL(IB+2,JB—1) oot (ds)n(IE,JB—I)
= (ds)n(lB,JB—l)XPDg + (ds)n(IB,JB—l)X‘PD; + (ds)n(]B,JB—l)XPDg + e (3.28)

+ (ds)n(IB,JB—I)X'PDéVX—l
where the last (IE) control volume on the south-face length is equal to the length of the
first (I B) times the expansion factor to the NX — 1 power. The exponent on the expansion
factor is one less than the number of control volumes across the domain. If that particular
grid boundary is an arc, the expansion factor would be applied to the increment of angle.
The problem of creating large aspect ratios in control volumes must be considered when

choosing the expansion factor.

The expansion factor is applied to each panel separately, so different panels can have
control volumes that expand or contract at different rates and the way of controlling the
change in control volume size between panels becomes somewhat complicated. From a
previous panel the last control volume width is known. To achieve a smooth transition
between panels, the ratio of the width of the last control volume in the first panel to the first
control volume in the next panel is specified. In addition, overall width and the number of
control volumes are known, but the expansion factor is not known. A Newton-Raphson root
search is used to solve an algebraic equation for the sum of the expansion factor geometric
progression for the present panel.

The pancl method is a very powerful development tool to produce grids that match the
shape of a complicated solution domain. The next section gives more detail on how paneling

is used.
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3.3 Paneling

The panel method is used to build up complex grids that match shell shape, baffie locations,
and tube bundle region boundaries. Individual sections of the grid are defined to match
certain locations and then combined to completely map the whole domain. The panel method
provides the flexibility to refine the control volume size in specific regions of greater interest.
Even though the grid is still structured, the freedom of grid manipulation that the panels

provide gives some of the advantages of unstructured Finite Element Method grids.

With the paneling approach both the boundary and internal structures can be mod-
eled more accurately than if a purely orthogonal grid was used. Orthogonal curvilinear
grids generated by the solution of partial differential or algebraic equations can match exte-
rior boundaries but they would also require a paneling approach to match complex interior
shapes. Orthogonal Cartesian grids would just apply an aliasing procedure to model a non-
orthogonal boundary. Although the more detailed non-orthogonal grids are time-consuming
to develop, there is also more control over internal boundary locations. The greater control
makes it easier and less time-consuming to apply the correct porosity for tube bundles and

block out control volumes for baffles and sealing strips.

The paneling approach is simply the process of generating a grid and then adding another
grid to one side as shown in Figure 3.7. Figure 3.7(a) shows two grids put together as follows:
Panel “A”, the 5x5 Cartesian grid, was defined first. Panel “B” was generated by matching
the grid points on the right (east) side of panel “A”, adding an arc for the bottom, prescribing
5 more control volumes in the ¢ direction, and defining two more vertices (lower right and
upper right corners of grid “B”). Once this grid is assembled it acts as if it had been gencrated
all at once. There is no gap or indication that they were generated separatcly. The two-panel

grid now behaves as a single 10x5 grid.

The two-panel grid is now considered to be a single grid (now called panel “AB”), and

another panel may be added to any side of it. Another panel with 10 control volumes in
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AB

(a) Two Panels (b) Three Panels

Figure 3.7: Example of the Paneling Method.

the 7 direction can be added to the top of the first grid, as shown in Figure 3.7(b). The
three-panel grid was generated by adding 5 more control volumes in the j direction, two
more vertices (upper left and upper right corners), and an arc over the entire top boundary

of panel “C”.

The normal grid has zero width control volumes around the boundary, but the paneling
method has to strip off those control volumes along the side on which another panel is
added. When a very complicated grid is to be defined, and all the vertices of the panels are
known, the series of grids can be processed in a “batch mode” by the grid generation software
developed for this thesis. The overall grid is assembled one panel at a time, each previous
panel being used as the “pre-existing” grid to which the next panel is to be attached. For
example, the non-orthogonal grids in Section 7.2 were made of 35 panels, 7 in the 3 direction

and 5 in the j direction. Each panel is described in a data file using vertices, boundary
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definitions, and expansion factors. All the appropriate data describing the internal detail of

the final grid are included in the data file.

The paneling features of the powerful grid generation procedure described here enable a
user to produce a grid with the capability to model a wide variety of shapes. The transfinite
interpolation itself is very simple, but when combined into panels, is able to generate grids
to fit complex domains. Examples of the some capabilities of the grid generator can be seen

in Chapters 6 and 7.



Chapter 4

The Numerical Model

4.1 Introduction

This chapter will discuss the discretization of the differential equations: conservation of mass,
U and V momentum, and energy. The tube drag, effective viscosity, wall functions, boundary
conditions and distorted transient formulations are also discussed. The modifications made

to the discretized equations, for the special regions defined within the grid, are also discussed.

Figure 4.1 represents a control volume over which the governing equations are integrated.
There are two velocity components at the faces of a control volume that are used in mass
conservation and found using the PWIM. Discrete values of nodal velocity, pressure and
temperature are located in the center of the control volume. After the discretization process,
the nodal value in this central control volume is related to the nodal values in th eight control

volumes around it as shown in Figure 3.1.

34
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Figure 4.1: Co-located Variable Storage.

4.2 Algebraic Equation for Mass Conservation

The continuity partial differential equation (Equation (2.1)) is the governing equation for
mass conservation. The mass conservation is of prime importance for a conservative finite
volume approach to fluid flow and therefore overall conservation of mass must be maintained

at all times. Equation (2.1) is integrated with respect to time and volume and each term is
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labeled for closer examination below

0 0 0
/V/t {52(€p)] dthJr/V/t {%(E/JU)} dthJr/V/t {%(@V)J d¥dt = 0 (41)
I I r
The first term in Equation (4.1) is the transient term
a 0 y (]

that represents the change in mass in the control volume over time. The transient solution
may be approached for small time steps, but in the present work only the final steady state
solution is required, so this transient term is used as a relaxation factor!. The second term

in Equation (4.1) is the z-direction mass flow term

//{“(spUJdth atf [ { (EpV - n}dAdm

= At [(SeAe)p(Uena:e + ‘/enye) - (gwAw)p(anzw + ‘/wnyw)] (43>

'The mass flows at the faces are calculated from both U and V velocity components at the

face. The third term in Equation (4.1) is the y-direction mass flow term

f/[ (8pV}dth atf [0 { (EpV - n):! dA dy

= At [(EnAn) p(Unnan + Vangn) — (EsAs) p(Usnias + Vings)]  (4.4)

Combining equations (4.2), (4.3), and (4.4) and dividing by At, produces:
[ (EeAe)Nge Ue + p(EcAe)nye V. ] [p(E Ay)aw Uy + p(EwAw) Ny V]

+ [P(EnAn)nan Un + p(Endn)nyn Va| — [p(EsAd)nzs Us + p(€sAs)ys 4

Mp — M2
v Mp— Mp

=0 (45)

'Relaxation using this term is discussed in Section 4.8
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An algebraic continuity equation in now defined from Equation (4.5) as:
(AS,Ue+ AS Vo) + (A2, Uy + A2, Vi)

+ (A5, U+ A2 Vo) + (A Us + AL Ve) + 15 =0 (4.6)

where
\

Azcze = _/)(EeAe)n:z:e Af,e = —p(EeAe)nye
AS = p(EwAw)Naw AS = p(EwAu)lyw
AL, = —p(EnAn)nn Ae = —p(EnAn)ny, (4.7)
A’ICLS = p(gsAs)n:L‘s Aﬁs = p(&"sAs)nys

b — _ (Mp-mp)

P At

Note that the sign of the coefficients in Equation (4.7) has been chosen so that mass entering
the control volumes has a positive sign. Note also that the normal vector components n,
and n, from Section 3.2.1 are also used at each control volume face. The mass flows across

control volume faces are defined as:

me = —Aj Ue— A5 Ve My = A U+ A Vi
(4.8)
M, = —A; U, —AS Vy my = A Us+ A5 Vs
Another way of viewing the continuity equation is in terms of mass flows
. . . . Mp — M3
- ’ITI,(;_ + mw - mn + ms - (PT}Dl — 0 (4.9)

Equation (4.9) emphasizes the conservative approach by its focus on mass flows. Tight
solution of the continuity equation is needed to ensure conservation of mass. Note that the

transient term becomes equal to zero when steady state is reached.
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4.3 Algebraic Equation of Conservation of U Momen-

tum

4.3.1 Integration

The U momentum partial differential equation Equation (2.2) is used to find U velocity. The

U momentum equation is integrated with respect to time and volume

//[ (5pU}dth+//{a (€pUU)+——(€pVU)} d¥F dt = //[ }d{%dt

I

_// EK’“prl dth—*—//l: <€/1,effa )-{-%(EM@ﬁ—%—g)} d¥ dt

Vv

+ /V /t [E9:0p (T — Too)] d¥dt  (4.10)

S

VI

The first term in Equation (4.10) is the transient term
a orro o e}
A /f = (EpU)| d¥ dt = €p¥p(pU — p°U°), = MpUp — MRU} (4.11)

The first part of the second term in Equation (4.10) is advection of U momentum in the
z direction. First integrate with respect to time then in the z direction and finally over the

face area

//[a (EpUU}dedAdt At//[ (7 ny)}dwdA

= At [(EeAe) P (Uenme + V;:nye) Ue - (SwAw) P (anmw + ‘/wnyw) Uw] = At (ﬁleUe - ﬁlew)
(4.12)
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Similarly,
/ / [ EpVU)} dy dA dt ~ At / / [——(epv A U)J dy dA
= At [(Eadn)p(Unnan + Vanyn)Un — (€54s) p(Ustigs + Vinys)Us] = At (1, Uy, — 10, Uy)
(4.13)

The third term in Equation (4.10) is the pressure gradient term

oP
(9:6

The approximation of the pressure gradient in the z direction is made complex by the non-

—//[ Jdth —aterve 28— 98 (4.14)
a’I}p

orthogonal grid and the co-located variable storage. The details of the pressure gradient
approximation are given in terms of the gradient of pressure corrections as discussed in

Section 5.2.5.

The fourth term in Equation (4.10) is the resistance to flow through a tube bundle

—/V/t[EI""p

where the tube drag coefficient K is discussed in more detail in Section 4.5.1

V|Up = —At % K"p|V|Up (4.15)

V]U] d¥ dt = —At Ep ¥p K¥p

The first part of the fifth term in Equation (4.10) is the diffusion of U momentum in the
x direction. First integrate with respect to time then in the z direction to separate out the

east and west velocity gradients. Finally, integrate over the face to obtain

//L% <€ijfa )J dV dt ~ At/A _/we [50; <5/Leff%g.ﬁﬂ dz dA

ou| au|
= AtA ,i&:eueff—é;—[: TN — 8wueff_5;;[p . ’n,w} dA
3} 0
= At i:geAc/'['ejf aUL Ew Awﬂeff 8U[w}

Eeletteyy 5UL 5UL A BUL aul . .
__At[ ne Se (83 ot te - e nw Sw Os 8t tw Sw (416)
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where the velocity gradients are dotted with the normal to the control volume faces to reflect

the physics of diffusion across a defined boundary.

The second part of the fifth term in Equation (4.10) is the diffusion of U momentum in

the y direction. Integrate in the same manner as Equation (4.16)

0 ou niH ou . ‘
L/t {5& <€Meff5y“>:l d¥ dt = At//‘/; I:—aTJ <€N,effa—y . n):l dr dA
oul aul .

ou ou
= At [gnAn/l,effg?:L—L - E:SAS/,Leff-é;L-u

EnAnliess aUL 8ULA O\ EsAttegy aUL aULA .
= Ap|ZREnlelt (0 T g g, | = Selisten (90 9 e s V(4
At[ A <8t s n 7 \ ot gske %) (417

The normal velocity derivative is split into two forms. The primary derivative reflects the
rate of change along the primary coordinate direction. For example, %{L in Equation (4.17)
reflects diffusion of momentum in the south to north direction across the control volume
north face. The secondary derivative, %%Lin -8y, (cross-derivative term), reflects diffusion of
momentum in the west to east direction along the control volume north face. The dot product
is always less than 1 so the secondary derivative is less than the primary derivative as long
as the two gradients are relatively the same magnitude. When the grid is Cartesian, the dot
product is equal to zero and the formulation returns to that which is derived for orthogonal

grids only. In this case the normal vector and the Cartesian direction are co-linear.

In the last term, the buoyancy force term, the Boussinesq approximation is used as
described by Incropera and Dewitt [14]. This approach assumes that only density variation
in the buoyancy force term is significant. In addition, the pressure is separated into dynamic

and hydrostatic components.
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The final result obtained when integrating with respect to time and volume produces

A/t[€.qmﬁp(T~Too)Jdth=Atep Vp o Bp(Tp —Too) = At ¥p g B p(Tp — Tio)

(4.18)
where the coefficient of thermal expansion, 8, is
1 9p L/ Poo—p
= =P (PP 4.19
p p 0T p <Too — T) (4.19)

Combining Equations (4.11) through (4.17) and (4.18) and dividing by At produces:

1
E (]\/[pUp - ]\{[;;Ug) -+ ﬁleUe — mew + ’ﬁann - msUs =

opP — = >
zip

+ E:eAAe/J'eff (UE - UP) . 8eAe,u'eff (Une - Use) RPN

Ao 8e  (ds)e Ae - 8o (dt), °°°°
— EwAwlless (Up — Uw) + EwAwllefs (Unao = Usw)i‘ .5
ﬁfw : §w (ds)w ﬁw ) '§w (dt)w v Y
8nAn/erff (UN - UP) é.:77,*'47"““'eff (Une - Unw) ~ ~
+ ~ = - ~ A tn * S
Ny - tn (dt)n Ny - tn (dS)n
9As U’ - ch se — Ysw)p ~
3 ELA Hegy (Up — Us) El sHefy (Use — UL ‘)ts b, (4.20)
ns - ts (dt)s Ng - ts (dS)S

The velocity gradients have been approximated by central differences. For example,

oU| ., 5 Us—Us
dsl e (ds).

(4.21)

where 3, is a diffusion weighting coefficient (not the same as 8 in Equation (4.19)). The
calculation of the diffusion weighting coefficients ., By, B,, and B; is discussed shortly, with

the details of the face velocity approximations.
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A diffusion coefficient, D, is defined for each face as follows:

_ E:eAe(.UJe )e _ gnAn(,u'eft)n
De = =gait D= ==,
(4.22)
81UA2U (l’l’e )w SSAS (’j’e )S
_ it _
Dv = =, Ds = =,

In all control volumes the diffusion coefficient is set using that harmonic mean of the nodal

viscosity value as follows (at the east face for example):

Beff i,5) * Peff (i+1,9)

(. = 4.23)
e fex fegrgy + (L= fe) * tegrisyn gy (
where the interpolation factor f, is defined as
DISW ;11 4
fe (i+1,5) (424)

" DISEqj + DISWgpy)

using grid distances.
Approximations for the face velocities are also required. The face velocities, in terms of
convective weights, o, at each face, are

U = (0.5+ ) Up+ (0.5 — o) Ug

Uy = (0.5+ o) Uw + (0.5 — ) Up
(4.25)

Up = (054 a,)Up + (0.5 — ay) Uy

Uy = (0.5+ ay)Us+ (0.5 — as) Up

The standard upwind differencing scheme uses the upwind nodal velocity as the lo-
cal face velocity, (¢ = £0.5). The Exponential Differencing Scheme (EDS), described by
Patankar [26], defines the Peclet number (local Reynolds number in the case of velocity).

For example, for the east face of a control volume

UL U, e Ne
Pe, = Rey = il (ds) _ e (4.26)
7 Leff D,
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and for the north face of a control volume

& Heff Dn .

Raithby et al. [35, 37] approximated the EDS exponential calculations from Patankar [26],

P(ianGL:

which consumes a great deal of computational time, using the following formulae:

L 05(Ped) . 05(Pe2)
ae = sign (1) 55 (Ped) o, = sign (1) 5+ (Pel) (4.28)
and
1+ 0.005 (Pe? 1+ 0.005 (Pe2
Be = (Pe,) Bn = (Pe,) (4.29)

14 0.05 (Pe?) 14 0.05 (Pe2)
These weightings are more robust than the EDS function because no range checking is
required. The weights for the west and south faces are the same as the weights for the east
and north faces of the control volumes to the west and south. Using Equation (4.25) for the
face velocities in Equation (4.20) produces
(MpUp — MRUR)
At

+ Tite [(0‘5 + O’.e) Up + (0.5 — ae) UE] — MMy [(0-5 + aw) Uw + (0-5 - aw) UP]
+ 11y, [(0.5 + 0) Up 4 (0.5 — o) Un] — 1105 [(0.5 + ) Us + (0.5 — o) Up| =

0P , —
zlp

+ D, UE=R) g (89 (Une =)y
e * Se (dt)e T 8
(UP - UW) (ds)w (Unw - Usw) o ”
Dw,@w 'flw . §zu * Dwﬂw (dt)w ﬁ'w . §1n tw Su

(UN - UP) (dt)n (Une - Unw) ~ A

Dn mn- .~ Dn () ~ ~ tn ton
+ B T * by 2 (ds)n Ny, « by °

U - U dt E} Use - Usw 7~ N
_p,Yr=Us) | p g (@) )i .5, (4.30)

Ng - ts (ds)s 'ﬁ's : Z?s °
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The flow resistance term in Equation (4.30) is linearized, as Patankar [26] suggested, as

follows:
Sp=p+ RpUp (4.31)

For this work the resistance term is put completely in the active nodal coefficient , R%, and
the buoyancy term is put completely in the lagged source term, Q%. The final result for Q%

and R% is

Qb=+ 9.8 (Tp — Tw) Rp = —¥p K"p|V| (4.32)

The final algebraic equation for U velocity will be obtained once an approximation for
Une, Unw, Use and Uy, is made. Two methods of approximating these velocities were used.
One leads to a five-point computational molecule, which is presented in Appendix B, and

the other leads to a nine-point molecule, which is presented below.

4.3.2 Nine-Point Equation

The nine-point solution method is used to improve convergence behavior for non-orthogonal
grids. The corner velocities, northeast, northwest, southeast and southwest are approximated

as suggested by Peri¢ [32] as follows:

Une = (UN + UNE + Up + UL‘) (433)

e R

To solve Equation (4.30) using a nine-point solver, it is necessary to collect terms into

nine coefficients and produce a nine-point algebraic equation in the form
ApUp = ARUp + Ay Uw + ANUn + AbUs + A% pUng + A%y Usw

+ AXw Unw + ApUsp + 0 = > A% gUnp + 0% (4.34)
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sﬁs

Dsfs 7=~

'lU IB w

‘UJIB’LU

8s
ts

n

8

where
u _ Debe . . (@)n tn-Sn
R R
v _ Dubly dt)n b - 80
Ay = o 03 b o]+ 0., 52 %
D,p, . (d8>e te Se
U = —_— 05 n n 7 ere
N i - P -l ] = 3 Def (dt)e e
o _ Db ds)e te - 8
AY = - . As + 0.5 1ivg + |as| hs| + Deﬁegdt))e o 8.
(ds)e £ 4 (dt)n tn - 3n
Ayp = —= eMe + Dn 7= £
NE ( p (dt)e P s (ds)y i -
1 ( )w w Sw (dt)n tAT'f ) §n
Al = = whPw A Dn nY g i
NW < 2 (dt)w TNy * 8w b (ds)n Ty -ty
1 (d ) f 3 (dt)s £ -
Yo == .D e ~ A s ) -
1 (db) bw *5w (dt)s 53 ’ Qs
= —= Dw w B Ds Y T3Y ¢
sw 4 ( IB (dt)w Ny * S IB (d’s)s 'ﬁ's -t
LM oP
b ( At ) U =¥ 3l * O

)
)

)

(dt)s ss
(d )3 Ng -

(ds)s ng -

(ds)w w * Sw

(d) P - G0

(d8)w tw Tw 8w
(dt)w Toy + S

(dt) s ts ss

45

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)
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The diagonal coefficient, A%, is

b e 05 i+ el ]+ 22— 0.5 iy + |
e w 'lU
Mp
- "ﬁf‘ + 0.5 1y, + || |1ha] + = Sﬁs — 0.5 s + || |s| + ——— — RS (4.44)
nn . s ts At
Defining A% as
%* D N . 3
v = - eﬁf — 0.5 Mg + |ae| [he]  + ——— wﬂw + 0.5 11 + |aw ] |77
le * Se nw
D . .
+ ﬁ"—ﬁfl — 0.5 My + |og| || + = Sﬂf + 0.5 15 + |a| || (4.45)
. " tn s ° s

and using continuity, Equation (4.9), to reduce Equation (4.44) to simpler form produces:

M2

(4.46)

The A% coefficient is not equal to the sum of neighbors because of the the cross-derivative

terms in the eight neighboring coefficients.
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4.4 Algebraic Equation of Conservation of V Momen-

tum

Each term in V momentum is analogous to U momentum. Integrate Equation (2.3) with

respect to time and volume

\/V / [%(EPV)} dvdt + /V / [%(spw) +—§-(5pvv} =[] [ ay} v
_// EKp ]V] dthjL//{a%( herr oy ) 38 <€ﬂeﬁgv>}dwt

* /V/t (€900 (T — Too)] d¥idt (4.47)

VI

to produce a nine-point algebraic equation

AbVp = ALVEe + AgVVW + A})VVN + Ang + A}}VEVNE + AgWVSW

+ AN Vvw + Ag'EVSE + 0¥ = Z AN VN + 1Y (4.48)

where
eﬁe . . (dt)n n Sn ( ) A §s
AY = —0.5 + - = s —
E ’]l( 3 MM ’ael |7ne| nﬁ ( )n Ian ] tn IBS( S)s fg - ts
(4.49)
v ‘LU/B'IU ( ) t'n, '§n (dt) ts SS
= 0.5 1y, + w D —= — =L
w 7Lw éw + m1l |aWI |m l + n:@n (d )n L,n . /63 (db)s ns t
(4.50)
) n,Bn . . (ds)e Ae Se (ds)w A'w éw
= — 0.5 m, + m
N nn n Ianl I nl 8166 (dt)e T - 8o wﬂw (dt)w T - Sw

(4.51)
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v 3163 (dS) § (ds)w w Sw
s — Ay - 7 + 0.5 ms + |a3} Ims| + Deﬁe (dt) 3 N (dt)w Ty - B
(4.52)
( ) e 33 (dt)n fn : '§n
YE= —= e : + D0, A 4.53
NE ( b (dt)e fic - 5e b (ds)n Tin, - tn ( )
1 (d8)w tw - S (dt)n tr - én
Ajw = 7 DB P non 3N = 4.54
NW Ty ( b (dt)y Ty * S Dnf (d8)n T, - tn (4.54)

1 (ds)e te - e (dt)s ts - 85
At == (D3, . B . 4.55
b= (P e+ Doy et (459
1 ( ) w 510 (dt)s s Ss
= —— wiw ~ s 4.56
SW 4( ﬁ(dt)wnw‘ IB(d)s s. ( 0)
Mg oP
Vo= S Y 4.57
o= (Ag) VeV Gl + Q¥ (457)
The diagonal coefficient, A%, is
y = Deb -+ 0.5, + o e + 2 Db _ 4510, + lauy] frivel
77/@ : 77’1u : 510
nMn si7s ]\[
+ " IBfn + 0.5 1y, + || || + ) ﬁts 0.5 1ins + || |ris| + — s — R}, (4.58)
or, in short form,
v __ AvU* ‘A[P )
p=Ap +— At Ry (4.59)

where A% is defined analogously to A%
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4.5 Algebraic Equation for Temperature

The integration of the conservation of energy equation (Equation (2.4)) is analogous to the

integration for the momentum equations. Integrating with respect to time and volume as

follows:
//|8t 69T]dwt+/” 5ﬂUT)+-(€pVT)} =
II
0 k or 3] k oT .
S [5; (55—2;-5;) +* 3 <€C_p5g;>j| avdt+ [ [[esy)avde (4.60)
IIr v
produces

— (MpTp — MZTZ) 4+ m 1, — 1ty + Ty — T, =
plp

A
6 A k (TE - TP) 8e—’qe __k_ (Tne - Tse) ¢ 5
fle- 8. Cp  (ds)e Ne+8 Cp  (dt)e °© °°
. E:wAw i (TP - TW) E‘:w-A'w k (Tmu sw) . §
ﬁw ’ <§w Cp (ds)w ﬁzu : §w CP (dt) v v
EnAn i (TN - TP) E A k (Tne ”“ Tmu) ? 5
fin - tn CD  (dt)y fn - b, Cp (ds), " "
8sAs k (TP_TS) E:sAs k ( se — sw)
- — = - ts - S St (4.61
feh Cp (@), hd Cp (@), o TS (401
Defining
t _ EA k t _ ERAL k
Ol o A
(4.62)
b Ewhu k t _ EAs k
Dy, (ds) Ds (dt)s Cp
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and using the same approximations for face values and derivatives (with « and 8 weighting

factors), Equation (4.61) becomes

(MpTp — MRTR)
At

4 1126 [(0.5+ i) Tp + (0.5 — o) Tip] — 120 [(0.5 + ) Towr + (0.5 — cvp) Tp]

+ 17, [(0.5 4 ) Tp + (0.5 — ) Tiv] — 712 [(0.5 + ) Ts + (0.5 — ) T]

I

+ Dig, (Tge—- ip) _ DB, ((2;) (T,;;ise) £ .a
0B v pyg g;;gz <>
~Def S(Tgs.t?) Dif ((33 (Ts;s.fsm)t 55+ 5h (4.63)

The source term, although unused in the present work, can be linearized in the same way as

for momentum:
St =@Q% + RLTp (4.64)
To solve Equation (4.63) using a nine-point solver, collect the terms into the form
AlTp = ApTe + ALy Ty + AT + ALTs + AL e + ALy Tew

+ Al Tvw + AypTop + 0 =3 AL xTwp + b0 (4.65)

where

D!B, , 1 (dt)n t, - (dt)s ts - 8
At __e — Y. 'e e e —"Dt n ~ T t s -
5= g, OO et lael el = g Db S o ﬂ(ds>sn3

(4.66)
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DBy (dt)y tn - 8 (dt), t
Al = + 0.5 11y, + w Dtn n.T "—— ¢ .
7”Lw'8” IQWI|m |+ /B (dS)n'an-t /8 ( ) t
D:g ()t§ 1 (ds)y tw - 8
At — n ZL _05 "n - ‘n . D 3 e e __Dt » w Lw w
v=otr Ty + || 770 e (@) 7o 4 ol (@) Py B
Dtg 1 (ds)e te - & (d$)w tw - 8
At-—— f 05 s -S _Dt 2 e e_____ » w bYw w
Tl « Ts 0.5 tha  Jas |l | + 4 e (dt)e Tie - Be Duf (dt)w Thw * 8w
1 (ds)e . - & (dt)n £ - 3
At —Z | Dt 3 G_E Dt 3 n tn " on
NE 4 ( eIB (dt)e nﬁ (ds)n 'fln ‘ tn
1 (ds)w tw - (dt)
At u w - t n o
NW = 4 ( wﬂ (dt)w o - sw 5 (d )
1 (ds)e te - 8 (dt)s ts - 8
At I Dt 3 e le e t A s bs As
5P 4 ( of (dt)e Tic - Se Db (ds)sfis - ts
1 (ds)y tw - 8 (dt)s t s
At — - » w bYw w 1; A S s
SW 4 ( IB (dt)w nw Sw IB (ds)s s : s
M2 o
and
I R Df
Al = S ﬁ +05me+|ae||mel+ .ﬁ — 0.5 My, + |aw| ||
Dig Dig
+ nn; + 0.5 1hy, + || |1 | + = ™ ss - 0.5 ms+|as||7ils|+E—R§J
or, in short form,
AL, = AL — RL + Mp

At

o1

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)
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4.5.1 The Tube Bundle Flow Resistance Term

The tube bundle introduces a resistance to flow that is modeled by a source term in the U
and V equations. The coefficient K in both U and V momentum resistance source terms is
the tube-bundle loss coefficient for cross flow as derived by Carlucci et al. [7]

K% =2 (g) €)? [11__;] (4.77)

where ¢ is U and V velocity and f is a friction factor that is defined for various tube
arrangements and flow parameters. In Equation (4.77), the term in square brackets is equal
to the ratio of porous region volume to total volume of the control volume. Using the

definition for € in Equation (2.5),

- - 1 — — 1—
[1 5]:1 [VE: + ( ’Y)]:’Y v { gtJ:7 (4.78)
1-&; 1-¢&; 1—-&; 1-¢&,
To find pressure drop in a tube bundle, Butterworth [3] used Darcy’s law:
Kk Op
Upg = ——— 4.79
Is L ax ( )

where the free stream velocity, Uy, depends on pressure drop and flow conductivity and

inversely on viscosity. The pressure gradient is found from a friction factor

O 4f pUj,
% 4 o (4.80)

Substituting Equation (4.80) into Equation (4.79), rearranging to get the friction factor
around the tubes, and defining the free stream Reynolds number based on tube diameter
yields

fe Uspd _ & p &  p P
C26pUR 2k pUpsd T 2k p@lV‘d—ZﬁRed
N

(4.81)

1/ Rey
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Butterworth [3] defines the flow conductivity, &, using a number of different pitch to diameter
ratios, for both low and high flow conditions for both square and triangular tube bundles.
Low flow is in the range 1 < Rey; < 10. High flow is in the range Rey > 120. For flows in
between, 10 < Rey < 120, one can interpolate between the low and high schemes, as will be
described later. Butterworth shows that for square tube bundles under low flow conditions

it is reasonable to use the following definition for «, which corresponds to p/d = 1.5.

d D3
2

K, =4.23x107° (4.82)

For triangular tube bundles the following is suggested as a good compromise between the

different pitch to diameter ratios.

d D}
Kk, =6.8x107% ——¥ (4.83)
D
For square tube bundles under high flow conditions, « is defined as:
8.19 (p — d)°
Ky = ——(p——)—Re;m (4.84)
Dy

For triangular tube bundles , under high flow conditions & is defined as:

_111(p—d)°

K,y by Re; 073 (4.85)

The hydraulic tube diameter for a square tube bundle is

_Ap? — nd?

D 4.8¢
= (4.80)
and triangular tube bundles is
2v/3 p? — nd?
p, = 2V3p —md (4.87)
md

Substituting Equation (4.82) into Equation (4.81), it follows that the low flow friction factor
for square tube bundles is:

2
fr =118 Cll)—z;Re;l (4.88)
\%4
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Substituting Equation (4.83) into Equation (4.81), the low flow friction factor for triangular
tube bundles is:

2
4D pe-t (4.89)

fr =135
Dy,

Substituting Equation (4.84) into Equation (4.81), the high flow friction factor for square

tube bundles is:

d? Dy
= 0.061 Re;0088 4.90
fu (p _ d)3 €4 ( )

Substituting Equation (4.85) into Equation (4.81), the high flow friction factor for triangular

tube bundles is:

&2 Dy
(p—d)°

For flow that is moderate, 10 < Rey < 120, the friction factor is interpolated by

f=VI+f (4.92)

The friction factor is then used in Equation (4.77) to calculate K.

fu =045 Re;0‘267 (4.91)

4.6 Turbulence model

4.6.1 Background

A simple turbulence model consisting of a constant effective viscosity that is sct to be a spe-
cific multiple of molecular viscosity is used in this work. More accurate turbulence models
are available, but adding variable viscosity would complicate the calculations and is out-
side the scope of this work. The focus, again, is to determine the differences between the

orthogonal and non-orthogonal grids, and keeping the turbulence model simple helps make
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that comparison clearer. The constant viscosity turbulence model has been used by other
researchers in simulating shell-side flows. A brief discussion of that work is given below to

indicate the range of values used in previous work.

Al-Sanea et al. [1] use correlations which, in their studies of condensers, produce turbulent

viscosities, g, in the range of 170 to 680 times the laminar viscosity, .

Zhang [46] and Zhang et al. [50] indicate that turbulent viscosity should be kept at a
range of 10 to 100 times laminar viscosity. Typical values used were about 20 times the
value of laminar viscosity and only slight differences were observed when the multiple was
changed from 10 to 100. They based their estimate of viscosity multiple on previous work
done by Zhang and Sousa [47, 49] which used k-e turbulence models. They found that

effective kinematic viscosity gradients are relatively small in a tube bundle.

Rhodes and Carlucci [39] found good agreement between measured and predicted ve-
locities in a tube-filled isothermal heat exchanger using the porous media concept and a
constant turbulent viscosity which was estimated from the measured turbulence intensity.
The resulting effective viscosity they used is approximately 100 to 400 times the laminar

viscosity.

Theodossiou et al. [42] used a fixed viscosity which was estimated using a mixing length
model and a representative measured turbulence intensity. Theodossiou et al. justified their
model by the argument that resistance forces dominate the flow, so complex turbulence

modeling is unwarranted.

Carlucci et al. [7] set the effective viscosity equal to laminar viscosity so that the only
effective momentum sinks were the resistance terms. They were developing a two-dimensional
isothermal model of heat-exchangers and wanted quick, robust convergence behavior.

Lonsdale and Tierney [21] used a k- turbulence model for the tube-free space only and

constant viscosity in the tube bundle.
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4.6.2 Present Work

The above review of previous literature indicates that for a variety of heat exchanger flow
models the effective viscosity has been in the range of approximately 10 to 700 times the
molecular viscosity. This work uses viscosity multiples of 25, 50 and 100 to show the con-
sequences of changing the effective viscosity on the results for both orthogonal and non-

orthogonal grids.

4.7 General Treatment of the Discrete Boundary Con-
ditions

Discrete analogues to the boundary conditions for the partial differential equations are re-
quired. Two boundary conditions each in z and y for each of U and V and T. The boundary
conditions on pressure are derived from the velocity boundary conditions. A pressure refer-

ence level is specified.

4.7.1 Nomenclature for the Boundary Conditions

For the discussion of boundary conditions ® represents U or V velocities or temperature, 7.
There are two types of boundary conditions implemented in the computer code. The first is
Dirichlet, where a prescribed value of velocity or temperature is imposed on the boundary,
&p =T bd’c. The second type of boundary condition is Neumann, where the velocity gradient

is prescribed (%% =T¢,, where ® = U or V), or the heat flux is specified using k% =TI,

In the following discussion, the west boundary is used to demonstrate how boundary con-
ditions are applied. The boundary conditions are introduced by considering the nine-point

equation for the zero width boundary control volume at (/B — 1, j) as in Figure 4.2(a). The



CHAPTER 4. THE NUMERICAL MODEL 57

N/ NE NW/ N NE

ne

@0 P

@2 E W °P e E

S€ -

S| °SE SW S "SE

(2) (i = IB - 1). (b) (i = IB).
Figure 4.2: West Boundary Computational Molecule.

boundary condition connects the boundary node, P, with the next interior node, E. There-
fore, only A%, A% and b? coefficients are used in the algebraic equations for the boundary
node. The result of reducing Equation (4.34) for the fictitious boundary node, (IB — 1, §),
is as follows:
¢ —
AP(IB—l,j)q)P(IB—l,j) = A?E‘(IB—l,j)q)E(IB*l,j) + b((pIB—l,j) (4.93)

Note that ®p;_1 is the first interior node near the boundary.

4.7.2 Dirichlet

The west Dirichlet boundary condition is implemented by setting A}b)( I5-15) = L, A‘g( 18-1,5) = 0
b?, Bo1j) = I'%,, and all other neighboring coefficients are set to zero. This ensures that the

boundary velocity will be the prescribed value, @ P(IB-1,j) = I‘,‘fc.
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4.7.3 Neumann

Because of the non-orthogonal grid, the Neumann boundary condition is slightly more com-
plicated to implement than the Dirichlet boundary condition. On a non-orthogonal grid
%%—? must be defined in terms of the gradient along the unit vector directions, § and £. The

change in @ in the west to east direction, §, can be expanded out in a chain rule as follows:

0% 0%0zx 090y
s Bz s + 555?9. (4.94)

Likewise, the change in ® in the south to north direction, £, can be expanded out in a chain

rule as follows:

o0 009z 9D dy

B B ot —I—a—ya (4.95)

Using Cramer’s rule, the change in ® in the Cartesian z direction is defined as follows:

0% Oy
ds s
0d dy o0doy 090y
o0 |3t 2| o oios

= = 4.96
o " [ox oy | ooy oyow e
ds Os ds Ot Os Ot
ot Ot
Equation (4.96) is rewritten for the east face of a control volume as follows:
ooy _omo om, ov
99| _ DsLOth  Otlkds. s orLv (4.97)
Dl @L@L_@L@L = aetye —faosys |
Os Otle  Osl. Ot
Equation (4.96) can also be written for the north face as:
oo ooy 0w, on
0| _ Ds Oth  DthOsh _ Bsh ™ Btk "
- = (4.98)
Oz, 0| Oy Oy| Oz

Oth,
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Only Equation (4.97) is used for Neumann boundary conditions on the east and west face

of a control volume.

For the north and south boundaries, the change in ® in the Cartesian y direction is

defined as follows:

or 0%
s ds
or 0 o000z 000z
o0 |2 B |_ s dsa oo
Oy Or Oy Oxdy Oyox '
0s ds| dsdt 0sot
oxr Oy
ot ot
Equation (4.99) is rewritten for the north face of a control volume as:
09| oz 09| Oz oo oo
i e M Rk 7 (4.100)
Oyn Oz @L _ @L Q_:EL " Suntyn — anSyn '
Osl, Ot Osl, Ot
Equation (4.99) can also be written for the east face as:
o®| 0z 09| Oz oo 0P
2 __ e e O i wion
8@/ o @L_@L _ @L@L Swetye - tmesye )
O0sl. Ot Osl Ot

Only Equation (4.100) is used for Neumann boundary conditions on the north and south

face of a control volume.

To implement the Neumann boundary condition on the west boundary, ?TEIJ) must be set
at the west boundary equal to a desired value, I'Y,. Equation (4.97), is applied to the east face
of the west boundary control volume, (at ¢ = IB — 1), and the derivatives are approximated
to obtain:

cI)E_(I)Pt _ éne_q)ses
e 2 Ml € Wl
ax (IB——l,j) bC Sxetye - ta;esoye

(4.102)
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Rearrange into the form of the boundary algebraic equation, Equation (4.93), as follows:

ye 2 {.
Bp=0p — (D — D) 28 (ds), i/_ —T¢(ds), Saelye — LaeSye (4.103)
(dt) tye .
The coefficients of the fictitious control volume are then set as follows:
9] — ¢
AP(IB-—I,]’) = 1 AE(IB )] 1
ds 3 tye — t2eS
— ye Yy Y
b((pIB—l,j) - ( ne se) Edt))e fyt (Cl ) Sze e ye Leye (4104)

and all other neighbor coefficients are set to zero. The control volume corner velocities (9,
and @) are set to using linear interpolation between the nearest nodal values that are also
on the boundary. If the control volume in question is in a corner of the domain, for example
(IB,JB), and the two boundaries have Neumann conditions, then ®,, = ®(1p,sm) If one of

the boundaries is a Dirichlet condition then ®,, = TY is set.

4.7.4 Absorbing the Boundary Conditions

The first interior node adjacent to the west boundary needs information from nodes that are
on the boundary as illustrated in Figure 4.2(b). The following is Equation (4.34) rewritten

for the first interior node adjacent to the west boundary, (®p, s, in Figure 4.2(b)):

A(lﬁ(u )q)l’uu,j) = A%mz )q)F(IB » T A” (18, )@W(IB,n T A%(IB,]')(DN(]BJ) + Ag(JB,j)CI)S(!B.i)
+ ANE([B,j)(I)NE(IB,j) + ASW(JB,J‘) CsWirp, + ANW(IB,J-)@NW(IB.J') + AgE(IB,j)(bSE(-’B:J') + b?IB,j)
(4.105)
This equation includes nodal values that are on the boundary, namely @y, ®yy, and Pgy,
which are controlled by the boundary conditions. To ecliminate the boundary nodes from
the computational domain they must be expressed in terms of interior nodes. The following
is an the algebraic boundary condition equation, for the node at Dy (rpy, (which is just

Equation (4.93) applied at Pwas,):

¢ — A? @
AP(IB—l,j)(I)W(IB,J‘) - AE(IB—l,j)(I)P(IB.j) + bUB—l:a’) (4'106)
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Similarly, the equations for ®yyw and ®gp are

® — AP é
AP(!B—I,J'-I-l)q)NW(IB,J‘) - AE(13_1,3'+1) (I)N(IB,J') + b(!B——l,j+1) (4-107)
and
® — AP @
AP(IB—I,j—l)q)SW(lB,j) - AE(]B—I,j——}) ®5(13,j) + b(IB—l,j—-l) (4-108)

respectively. Equations (4.106) through (4.108) are substituted into Equation (4.105) to

eliminate the boundary nodes. This substitution yields

¢ — A9 ¢ ¢
AP(IB,J‘)@P(!B:J') - AE(!B,]‘)@E(IB»J') + AN(IB,J‘)@N(IBJ) + AS(IB,j)(bS(’B»J')

¢ @
+ ANE(m,j)(I)NE(IB,j) + ASEaB,j)q)SE(IB,j)

é A% b((ﬁIB 1)
“(I B—1,j) -
+ AW(IB,n b Prusy T A?
Pup-1,j) Pp-1)
A% b
¢ E18—1,-1) (IB-1,j-1)
+ ASW(IB,j) [Ad) q)S(IB,J') + A¢
Pyp-1,5-1 Pup-1,5-1

¢
A¢ AE(IB—I,J'+1) (b bzplB—l,H-l) b¢ 4 109
+ NW(i,j A% N(IB,j)+A¢ + 05,5 (4.109)

Pus-1,+1) PuB-1,+1)

Rearranging and collecting coefficients in Equation (4.109) produces

A¢
@ T Eun-1,5) i
(A”(Iu,j) AW(IB.J‘) AP (I)P(lu,j) -
Pup-1,5)

A¢
) ) ¢ Eup-1,5+1)
AE(IB,J)@EUB,J‘) T (AN(IB,n + ANW(IB,J') A® (I)N(IBm

(IB-1,5+1)

A¢
¢ ¢ EuB-1,i-1) ¢ ¢
t (AS(’BJ) + ASVV(IB,J') A? (I)S(mw + ANE(IB,n(I)N Bapy T ASE(:B,j>CDSE<IB,j>

PuB-1,5-1)
b([) A¢ b?SIB—l,j) +A¢ bzﬁIB—l.J'-l) Atf) b?lB—l,H-l) 4.110
T Yusy T Wusi 49 SWub.iy g0 + NWupg) 46 (4.110)
Pup—1,5 Pap_1,j-1 Pup—1,j+1)
Equation (4.110) is the basis for boundary condition absorption. To absorb (implicitly

account for) the boundary conditions, the coefficients of the equation for ® Py, ave modified
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as follows:

VI — ‘
0 _ e ¢ E(B-1)
Apuny = Abung ~ Awusy g

A} .

] _ ¢ ¢ E(IB-1,j+1)
Anusy = Avasy T Awasp ge
P(IB-1,j+1)

A? .
_ ¢ E(IB—1,j~1)
Abuny = Abusy + Abwasy) :

AQIZ(IB—I,j—l) (4.111)
b B +A¢ _b?ﬂ
aBy = Oumy T Awusg e
P(IB-1,) )
A ba-13-1) , 40 bp-1541)
SW(IB.j) 79 NW(IB.j) 3
P(IB—1,j—1) P(IB—1,j+1) )

The boundary conditions are held in the fictitious coefficients and no boundary velocities
appear in the computational domain. Therefore, the west, northwest, and southwest coeffi-

cients of the nine-point equation, at (IB, j), are equal to zero.

If the control volume in question is in a corner of the domain, for example (IB,J B), then
the south and southeast coefficients also have to be set to zero after the south boundary

conditions are set in a manner analogous to the description above.

4.7.5 Face Velocity Boundary Conditions

The face velocity boundary conditions are based on the continuity equation, and are used to
derive the pressure correction equation boundary conditions (discussed later). As with the
other boundary conditions, the west boundary is used as an example and east, south, and

north boundaries are analogous.

First, the continuity equation for the control volume adjacent to the west boundary, (I.B)
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as in Figure 4.2(b), is written as follows:

(AZE(IB—I)UG + Age(IB—l)V;> + (chtw(IB—l)Uw + Agw(lB—l)V;U) 4
+ (AZ,L(IB—UUn + Agn(m—l)%) + (Aﬁs(qu)Us + Azc;s(IB—l)VS) +bp=0 (4.112)

where, for simplicity, all coefficients are assumed to be for the j control volume. The U and
V' velocity boundary conditions are specified separately so it is assumed that the U and V
velocities do not affect each other at the boundary. Therefore, Equation (4.112) is solved for
Uw to obtain:
—1
AL uB-1)
+ (Afl,n([B—l)Un + Azc;n(IB-l)Vn> + (AZS(IB—I)US + A55(13—1)Vs) + b??} (4.113)

Uw = {(Aic(zs—l)Ue + Aﬁc(zB—l)Ve> + Ay, (18- Vaw

and separately for V,,:

-1

Vie = {(Ache(IB—l)Ue + A53(13~1)Ve) + Av -1yl

AL -1y
+ (Aﬁ.,,(./B—l)Un + Afz,,(lB—UVn) + (Achs(IB—-I)Us + Azcjs(IB—l)VS) + bf’} (4.114)

The coefficient, Aj ;p_;), in the denominator of Equation (4.113) is not needed so it is

replaced by —1 and moved to act as source term as follows:

U = (ch,,e(fB—nUe + Azcle(IB—l)V:e) + Ay -1V
(45 rmyUn + A2, -0y Va) (A, pnUs + A5 g5y Vi) + A pry (4115)

The V,, equation is rearranged in a similar way to obtain:

Vo = (Aflve(fB—l)Ue + Azc)e(IB—l)V;> + A'lcl.u,(IB—l)Uw
(+Ain(13_1)Un + Afzn(IB—l)V;L) (+AZS(IB—1)US + A35(13—1)Ve> + Ay -1y (4.116)

Since the U and V velocity boundary conditions are set independently, and the north and

south face velocities are not used to set the west boundary conditions, Equation (4.115) and
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(4.116) can be simplified to:

Uw = AL as-1yUe + Aq 181y (4.117)
and

Vo =45, ap-1)Ve + Ay (1B-1) (4.118)
respectively.

The Dirichlet west face boundary condition is implemented by setting A5 ;p ;) = 't
for the U velocity and AL -1 = T§, for the V velocity. All the rest of the continuity

coefficients are then set to zero.

The Neumann west face boundary condition is implemented in a wa,y similar to that for
the nodal boundary conditions by applying the gradlent, —8— at the west boundary

across the first control volume, from west face to east face, instead of between nodes.
(I)e B (-I)w (an B q)sw

ey — T
od ds e dt P
0% _pg _ (@9 (), (4.119)
Oz (IB,5) Saptyw — twwsyp
Rearranging Equation (4.119) in the form of Equation (4. 117) and Equation (4.118) produces:
(d ) S Seplyw — tzw$s
Dy =B, ~ (Dpyy — Py ZW TP (ds), ZERyw — wwyp (4.120)
w v v ( d t>w o c P tyw
which leads to the following specification for the continuity coefficients on the boundary:
Aﬁe(w—n = 1 A'lc)C(IB—l) = 0
Aﬁ.,,([l}-l) =0 Azc; (IB-1) — 0
AZS(IB—I) = 0 AZS(IB—I) =0
(4.121)
Af;,,,(ns—n = 0
(ds ) Sy Seplyw — tzwS
Agw(IB_l) = — (Upw — Usp) 72 @ T (ds ) 'p uwtyw zwSyp J
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and
AZG(IB-U =0 Azc;c(IB—l) =1
Azcz,,, (IB-1 — 0 Aﬁn(lB—n =0
AZ.S(IB—I) =0 A55(13—1 y = 0

(4.122)
A;:l.w(]B—l) =0

(ds), s Seplyw — tzwS
A = —(V.,. —V ~ /P 2Yp N cplyw W OYp
gu,(IB—l) ( nw sw) (dt)w tyw F})}c(d‘s)p tyw J

To absorb these boundary conditions into the regular computational domain, Equation (4.117)

and (4.118) are substituted into the continuity equation, Equation (4.6), as follows:

(AZL, uB)Ue + Azcze(IB)V;f>
+ A, ) (Azcz,c(IB—l)Ue + Aﬁu,(u;—n) + As,(B) (A'LCJE(IB—I)‘/E + Azc)u,(IB——l))
+ (45,1 Un + A2, 41y Va) + (A2, s Us + AL, 15y Vi) + b5 =0 (4.123)

Collecting terms yields:

(Afl.c(na) + AZW(fB)AfLC(zB—1)> Ue + (Aﬁc(na) + Aﬁw(w)Aﬁc(m—n) Ve
+ ALy Avan-1 T A5, un) AL B-1)

+ (Aﬁ,,,(fg)Un + Ag, (UB) Vn) + (Aﬁ.s(m) Us + Azc;,.(m) V;) + b?)(fB) =0 (4.124)

The east U and V continuity coefficients are then modified for the west boundary and the
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source term has additional terms as follows:
AC ® . AC AC AC
( uc(IB)) - U (I B) + Uy ([ B)* tue (IB-1)

@ ,
(Atcz.;(IB)) = A.up T A.anAias-n

(4.125)

i ®
(bP(IB)> = bbum) + AL upydeuis-1) T A ey Ay, re-1) )
where the superseript “®” refers to modifications to the continuity coefficients in Equa-

tion (4.6).

4.7.6 Wall Function

As a simple means of modeling turbulent flow, a constant effective viscosity has been used as
discussed in Section 4.6. A simple wall function method is used to obtain the correct shear
stress at a wall (including blockages) without the need for a refined grid near the wall. The

wall function is used only on Cartesian horizontal and vertical walls in this work.

Figure 4.3 shows the nomenclature used in the derivation of the wall function equations
that follow below. Following the example of Brown and Raithby [2], and White [45], the per-
pendicular distance of the first node from the wall is indicated by y, and the non-dimensional
distance is given by:

yt =Py (4.126)
L

where u, is the wall-friction velocity. The non-dimensional velocity, u™ is:

= 4.127
(7 " ( )

Following the definition of wall shear stress:
u = | (4.128)
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/7777777777

Figure 4.3: Nomenclature for Wall Function Definition.

Substituting Equation (4.126) into Equation (4.128) produces:
1 uy+\?
p— <“?/_ ) (4.129)
P\ y
A local Reynolds number is defined using the nearest nodal velocity parallel to the wall and

the distance from the wall as follows:

+
uy P (Y
Re=" Zy: P ] — byt (4.130)
7

Very near the wall, in the inner layer, y* < 11.63, the viscous shear dominates and the

velocity profile should be linear so:
ut =gt (4.131)

Farther from the wall, y* > 11.63, the velocity profile is better described by the logarithmic

overlap layer and is given by:
1
t==In(y*)+B 4.132
[ - n (y )+ (4.132)

Where £ = 0.40 and B = 5.5. Equations (4.131) and (4.132) are equal when y+ = 11.63.
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The logarithmic overlap equation is quite accurate within the range of 35 < yT < 350.

The local Reynolds number when y+ = 11.63 would be:

Re=utyt =11.63% 11.63 = 135 (4.133)

The following method is applied to find the wall shear stress. First, calculate the local
Reynolds number using the first part of Equation (4.130). Second, calculate y* using y* =
v Re. If Re < 135 then that value for y* is correct and no iteration is necessary. If, however,
Re > 135 then a Newton-Raphson root search is used to solve Equation (4.132) for y+.
Third, apply Equation (4.129) to get the wall shear stress. Care must be taken to ensure

the sign of the shear stress is opposite the sign of the nodal velocity nearest the wall.

4.8 E-Factor

Since this work is focused only on the steady-state solution to the governing equations, the
true transient terms in the equations are, strictly speaking, not needed. They are retained,
however, to provide needed relaxation in the solution of the coupled non-linear set of equa-

tions.

Van Doormaal and Raithby [43] and Raithby and Schneider [36] replaced the transient
term with a distorted transient term and define a so-called E-factor, E. To use the distorted
transient part of the original transient term is redefined as:

Mg A —RY
At Ev

(4.134)

Substituting Equation (4.134) into Equation (4.46) and Equation (4.43) produces the fol-

lowing new definition of the A% and b¢ coefficients:

b= (A% ~ Rp) (A—g-#) (4.135)
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and

A% — Ry __oP
b = (“P—E;L—P> Us - ¥ 55‘13 + QY - (4136)

respectively. A similar definition is used for the V and T' equations.

The E-factor formulation allows taking a different A¢ in each control volume (if the
control volumes have different sizes). In the computer code implementation of the coefficient
calculations, both the E-factor and true transient formulations are available and are selected

through the specification of F and At values.

4.9 Special Regions Within the Grid

There are two special regions defined within a grid. The first is a tube bundle region where
a porosity is specified to account for the volume occupied by the tubes. The second is a flow

blockage which simulates baffles and sealing strips in a heat exchanger.

4.9.1 Tube Bundles

There are two different ways to simulate a tube bundle region. The first way is to approximate
the boundary in some stepwise fashion, referred to as “aliasing”. Figure 4.4 shows a diagram
of two possible aliasing situations. The shaded squares indicate control volumes at least
partially filled with tubes and the blank squares indicate tube-free control volumes. If
the tube bundle boundary crosses the Cartesian control volumes exactly along line “A” in
Figure 4.4, then half of the volume in control volumes marked “17, “3” and “5” is outside
the tube bundle and half of it is inside. In this case v = 0.5 in those three control volumes.
In control volumes marked “27 and “4”, v = 1. The porosity, £, in these control volumes is

set using -y and Equation (2.5).
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If the tube bundle boundary crosses the Cartesian control volumes exactly along line “B”
in Figure 4.4, then 87.5% of each of the control volumes marked “17, “8” and “5” is outside
the tube bundle and 12.5% is inside. Therefore, v = 0.125 for those control volumes. Line
“B” also goes through control volumes “2” and “4” which have v = 0.875. See Section 2.2

for more details of the porosity calculation.

The second way to match the tube bundle region boundary is to use a non-orthogonal grid

Tube Bundle Boundary

Figure 4.4: Diagram of Aliasing Procedure.
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so that a control volume face lies exactly on the defined boundary. This method minimizes
the aliasing required and smaller tube bundle detail can be simulated. More time and effort
is involved in developing the complex grid, but less time is needed to assign porosities to
individual control volumes depending on where they lie with respect to the defined tube

bundle boundary.

4.9.2 Flow Blockages

The concept of flow blockages used in this study is one that uses the grid itself to represent
the geometry of the actual blockage. To obtain the correct behavior, coefficients in or next to
a blockage control volume, are adjusted in four ways. First, to satisfy the continuity equation,
the face velocities on the blockage boundaries are set to zero so that no flow can enter or leave
a blockage. Second, to prevent the momentum equation from allowing convection across a
blockage, the convection coefficients defined in Equation (5.44) are set to zero as follows.
The east face coefficients in the control volume just to the west of the blockage are set to
zero just like an ordinary east boundary. The north face coefficients in the control volume
just to the south of the blockage are set analogously. Thirdly, all convection coefficients are

set to zero inside a blockage so that no convection can take place within a blocked region.

To illustrate, if the blockage goes from i = I A to IZ and from J=JAto JZ, then ecach

convection coefficient should be set as follows:

CU@(I.»\—I::JZ, JAmJZ) 0 CV@(M—1=>IZ, JA=dzy 0
CU7L(1.-1=>JZ, JA—1=JZ) 0 CV"L(IA:IZ, JA-1=JZ) 0
(4.137)
CU(IA=>IZ, JA=IZY 0 CV(IA=>IZ, JA=IZ) 0 J

Finally, the approximation of gradient terms in the momentum equations must be cor-

rected to account for the zero velocity at the face of the blockage. This correction was done
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through the diffusion coefficient by setting the viscosity very high to indicate a solid. Regular
boundaries have zero-width control volumes whereas control volumes around blockages are

not zero-width.

The diffusion coefficient, as defined in Equation (4.22), has the inter-nodal distance in
the denominator and viscosity in the numerator. Therefore, when using a uniform grid
beside a zero-width control volume, for example, the diffusion coefficient would be set to
double its normal value because the distance between the node in the boundary and the
nearest interior node is half the regular distance. This doubling in the diffusion coefficient
indicates the presence of a solid wall. However, around a blockage there are no zero-width
control volumes, so one must either go around each blockage and change the inter-nodal
distance variables used in the diffusion coefficient to make them like a zero-width boundary,
or use the inherent characteristic of the harmonic mean to set the diffusion coefficient as
normal, only with a very high viscosity in the blocked control volumes. Continuing with the
example of a uniform grid, the harmonic mean of the artificially large blockage “viscosity” and
the fluid viscosity produce double the viscosity of the fluid control volume so the diffusion
coefficient would be doubled just like a boundary control volume. Since the harmonic mean
is used already to set the diffusion coefficient the additional work of adjusting the inter-nodal

distances is eliminated.

The procedure above sets the diffusion coefficient to the same value beside a blockage
and at a regular wall boundary. This result ensures that the momentum equations “see”

zero velocity at a solid wall in either case.

The tube bundles and blockages are easily handled by defining their location in control

volumes and modifying the coefficients.
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The Numerical Solution Procedure

Finite Volume methods described by Patankar [26] are widely used for fluid flow problems.
The solution procedure for primitive variables on a staggered grid is well established. The
resulting five-point scheme is an efficient and robust solution method. For non-orthogonal
grids, however, the cross-derivative terms become important so a nine-point computational
molecule is needed. In addition, a co-located variable arrangement has many advantages
when using non-orthogonal grids. All the variables, U, V, P, and T, are at one node and the
grid has the flexibility to match boundaries and internal structures. Multi-grid acceleration
Is also casier to use for co-located storage compared to staggered grid storage. The details
of the solution of the coupled set of algebraic equations is given in this chapter. Special

algorithms that deal with coupling between the pressure and velocity fields are discussed.

73
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5.1 Solvers for the Linearized Equation

5.1.1 Five-Point Solver

The five-point algebraic equation can be solved using an Alternating-Direction Implicit
method (ADI) first described by Peaceman and Rachford [29] (also called Line Gauss-Seidel

(LGS)). The five-point solver was used in this work for orthogonal problems only.

5.1.2 Nine-Point Solver

An iterative solver developed by Perié¢ [31] (LR version) was implemented in this work to
solve nine-point algebraic equations. The nine-point method has a larger computational
molecule and larger storage requirements than the five-point method, but it is more stable

when solving problems on non-orthogonal grids with large aspect ratio changes and skewing.

5.2 Pressure-Velocity Coupling

5.2.1 Introduction

A commonly-used method for accounting for the pressure-velocity coupling is the Semi-
Implicit Method for Pressure-Linked Equation (SIMPLE) algorithim by Patankar and Spald-
ing [27], often on a staggered grid. Van Doormaal and Raithby [43] developed the SIMPLE-
Consistent (SIMPLEC) algorithm which is more robust and efficient. The principle of the
SIMPLE or SIMPLEC algorithm is that guessed velocities are solved using momentum con-
scrvation and then pressure-correction equation (based on continuity) is used to correct the
velocities in order to conserve mass.

Co-located, non-staggered, grids are becoming more commonly used, and have advantages

for non-orthogonal grids but a special scheme must be used to avoid the decoupling of
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the pressure fields [26], (the so-called checkerboard pressure effect). Perié¢ [33] compared
the staggered and non-staggered grid approaches and found that the ¢o-located method
converges faster in some cases, and has advantages when using non-orthogonal grids. In
this work pressure-velocity coupling is accomplished for co-located variable storage using an

algorithm referred to as the Pressure Weighted Interpolation Method (PWIM) [22].

5.2.2 Pressure Weighted Interpolation Method

Miller and Schmidt [23] modified a momentum interpolation scheme first described by Rhie
and Chow [38] to remove dependence on relaxation factors. The PWIM is also known as
the momentum interpolation method described by Seok et al. [40] because the momentum
equations are interpolated to find a face velocity. The cell face velocities are also Cartesian
and are stored for both the east and north face of every control volume. The cell face
velocities must conserve mass through the continuity equation and nodal velocities must
conserve momentum. Therefore, it is possible that the face and nodal velocities can converge
to different values. Seok et al. [40], Majumdar [22], and Miller and Schmidt [23], found that
physically unrealistic solutions may occur in regions of rapidly changing pressure gradients.
In this work, rapidly changing pressure gradients were found near the interface between
the tube bundle and free-fluid regions. The effects that are seen in the flow, because of
the PWIM, are discussed later in Section 6.3.2. This work has implemented the PWIM as
described by Miller and Schmidt [23], Stubley [41] and Raithby [34].

Contrary to a staggered grid, the co-located approach stores velocities and pressures at
the same location. Special approximations for face velocities and pressure gradients are
needed. On the staggered grid, face velocities come from EDS hetween nodes, but using the
co-located grid they come from averaging the local algebraic momentum equations. On a
staggered grid, the pressure gradient is just the difference between nodal pressures, while on

a co-located grid, three pressure gradients are used as described in detail below.
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The derivation begins by writing the complete nodal, five-point or nine-point, equation

(for the nine-point equation the b = 0) for the present control volume, as follows:

M — OP N
AL, =S A U ( P)U"—V el Y VR 5.1
PUP ; NBYNB T A ) VP P@mp+QP+ P (5.1)
and for the east control volume:
M , — OP w
E At all,E

Now, consider a control volume centered at the east face of a control volume:

0 0P ~
jX;) Ue - 7 —a—-—L+Qg+bg (5.3)

AL U, = S A% Uy + ( e

Dividing Equation (5.1) by A% produces:

- ‘%AIII{IBUNB + Q% (J\J}O)> Us ¥ 0P b% (5.0
i Ay, At ) A% A% Ozl T A% '
Dividing Equation (5.2) by A% produces:
2LANeUnE +QF feN Ue Vo P
U= L (BB 22 - 7o 0B | B (55
PE At ) App  App Ozlp  Apg
Dividing Equation (5.3) by A%, produces:
AU+ Q¢ poy ve W op B
Ue == U ( C") 1;? T Au _L S (56)
Pe At) Ap,  Ap, Oz Pe

Ue

The U, portion of Equation (5.6) is assumed to be a linear interpolation of similar portions

of Equation (5.4) and Equation (5.5) as follows:

Ue=feUp+(1-f)Us (5.7)
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where
ds)¥
£ - __((ds)) (5.8)
— Mg\ Us  ¥p 8P| b
Up="Ur ( At) AL T AY Dzlp - A% (5.9)
— Mg\ Us Vg5 OP by,
Ve =Us ( At ) Aby | Abp Ozly A%y (5.10)

For distorted transient, the E-factor definition (Equation (4.134)) is substituted in place

of the transient term. For example, f];, is then:
g}g
p A%

Since the definition of A% is similar to the term in parentheses in Equation (5.11), the

(5.11)

ﬁ;:UP—(___Ag‘R%)% Vp OP

Ev AL A% Oz

combination of the terms can be simplified and the following term reduces to:

(A’;,* — R}é) 1 <A}§‘ — R%) 1
Er ] Ap B ) (A% - Rp) (1+ &)

(A -Rp) & 1
- (4¥ - Ry) (1 fz}—) =Firg 012

The result (Equation (5.12)) is that when using the distorted transient method, the transient

part of the equation is the same for the center node , east node, or east face equations for

U.

To aid in the derivation of the true transient form of the equation, a simplifying assump-
tion is made. The transient term is now assumed to tend toward the same value whether it

is for the center or east control volume, as follows:

(M,%)_L B (Mg> 1
At) A% At) A,

) m ~ @)z
At 2}LDE At }L’e

(5.13)
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In general, since U, is the linear interpolation of center and east values (given by Equa-

tion (5.7)):

Moy 1 Mg\ 1 Mg\ 1 ’
e - 5.14
(At)A}'Se fe(At)A“ (10— fe)(m) PE 19

Substituting Equations (5.9) and (5.10) into Equation (5.7) produces:

Ue = fo Up+ (1.0~ £) Up — f. <MO> Uk — (1.0 — fe)<ME>—gZ;“

U
Apg
u

vy 0P —fe bu —(1.0- fe)A“ (5.15)

A’ll,

+ (10— fo) 70—

n fe BPl

Now, apply the simplifying assumptions given in Equations (5.13) and (5.14) to Equa-
tion (5.15) to obtain:

~ Mo\ 1
U= e Up+ (LO= f) U+ (5%) 5 |~ £ U2 - (1.o—fe)Ug}
Pe
ap Vg OP b%
e 1. e fe e .16
R o
Substituting Equation (5.16) into Equation (5.6) produces:
]\/[CO 1 (o) (4] (¢]
Ue = fe Up + (10— £ Us + (1) e = £ VR~ (10~ £) Ug|
At A}‘,e
¥, 0P Vp OP VE oP
A}I)e 8.,L f(’ Au ’ +(1'O_f€) E 81,
- fe - (10— fo) 2 (517
oy A —( ) 7. (5.17)
By analogy the V velocity at the east face is:
A/'[g 1 o (] 1%
Vo fo Vot (LO= ) Vot (52) - [V = fe VE— (L0 £) V]
V oP ¥p OP VE 9P
1.
61L fe 11 ' +( 0— ff—) L‘ ay
— = fe —(L.0—fe) (5.18)

v
Pe APE
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the U velocity at the north face is:

Us= b Up+ (L0 £) U+ (32) o [0 = fa V2 - (10 = 1) ug]

At A’l}én
¥, OP Vv OP
Ay, Ozl f" 8 ’ 0= fu) - A}éN dzly
be b
~fa b (10— f) A (5.19)
Pn PN
and the V velocity at the north face is:
]\/[7? 1 [] 0 (2]
Vi = fu Vo + (1.0 = fu) Viy + (At) e [Vn — VB (10— f,) VN]
¥, OP ¥p OP ¥y OP
R ol 00 f")A%N Byl
b= 20— ) P (50)
Pn P PN

5.2.3 Velocity Corrections

The solution to the momentum equations will not necessarily produce a mass-conserving
velocity field (until convergence) because the U and V momentum equations do not enforce
continuity. A correction to the velocity solution that is governed by the continuity equation
is needed. A “starred” value of velocity indicates the guessed value for the solution for the
momentum equations, and the “prime” value indicates the correction added to produce a

mass conserving field as follows:
U=U"+U' (5.21)
The correction value is then:

U'=U-U* (5.22)
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To derive the velocity correction equation, Equation (5.4) is divided by A%. The desired

U velocity for the P control volume is then:

2ANUne+ Qb sy Wpoop B ‘
Up= A <At)_}‘>_27p_0_a—:-p+A_’fg (5.23)
By analogy the guessed U velocity for the the P control volume is:
R s Lo ) N Vi ANE /S =) R
Up = A% <At>Z3£—A_$ oz lp A% (5.24)
Subtracting the guessed velocity equation from the desired velocity produces the velocity
correction:
Up = ————%A%BUJIVB Ye OF + E (5.25)
Ay A“ orlp A%

The cross derivative terms are lumped in the source term, b, for the five-point equation, or
integrated into the active nodal coefficients so that b = 0, for the nine-point equation. Those
terms do not contribute much to the mass imbalance and when the grid is orthogonal, all
cross derivatives are zero. Neglecting the bt contribution to the correction (an approximation

only for the five-point equation) produces the simplified nodal velocity correction equation:

%A%B UN B IVZ_P OP

Up = - — 9.2

P Al A% Oz lp (5.26)

By analogy the east face U velocity, Equation (5.17), is corrected by the following:

¥, OF Vp 8P’ Vg OF

! ! /
= Je VU= Je ; e 1. e

Ue f UP+(10 f)UE Aq},)e BIL f Aql ( 0— f)AQIIDE a,c

(5.27)

Now, substituting the simplified velocity correction equations into Equation (5.27) produces:

U / o U / -
;ANBUNB VP aP’ ZE:ANBUNB VE 8P’|

= f, _ P o 1.0— £, _
J A% 4z ozl T T T w, Bl
xr- 4 / 7
_ ¥ or R Ve 8+ o- )= ?ﬁ (5.28)
%e O Yy O
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Finally, using:

AWy ;A%BUIIVB %A}L\’BU[IVB
L=, T + (10~ fo) | F—— (5.29)
Pe P PE
and canceling the repeated pressure gradient terms produces:
U, = el 7 op (5.30)
Ay Ab, Ozl '
By analogy the V' velocity correction is:
v ! .
,_ v v op (5.31)
P A% A% Oylp )
and the east face V' velocity correction is:
AU V/ ———
. 2 Ane Vs ¥ oP| (5.32)

T Ap Ap, Jyl
The north face U and V velocities are corrected in a manner analogous to Equations (5.30)

and (5.32).

5.2.4 SIMPLEC

Starting with the U nodal velocity correction, Equation (5.26) in the form:

— OP'
uypr ° [ 5
PUp = ;ANBUNB Vp oz |p (5.33)
The term 3p A U is subtracted from both sides of Equation (5.33)
u u / u ! ! Tz aP,
Ap — ZANB Up = ZANB (Uvp —Up) — ¥p o~ (5.34)
P P Oz lp

The SIMPLEC assumption is to neglect the first term on the right side of Equation (5.34).
This assumption leads to:

¥p OP'|
(A%—;Aﬁ,3> oz p

Ul = — (5.35)
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By analogy to Equation (5.35) the V/ velocity correction is:

Vp oP!|

V) =— (5.36)
(4~ sAns) ¥
The east face U velocity correction follows from Equation (5.30):
1z /
v e ?1 (5.37)
( 1;36 - ze:Az'rilD v
The east face V velocity correction follows from Equation (5.32):
1z /
Ve=- re oF] (5.38)

( Pe — §A2b> Ay
The north face U and V velocities are corrected in a manner analogous to the east face U and
V velocity corrections given by Equations (5.37) and (5.38). The approximate equations for
the face velocity corrections just derived are now used in the continuity equation to derive

the pressure correction equation.

5.2.5 Formulation of the P’ Equation

As mentioned earlier, there are three equations, (continuity, U momentum, and V momen-
tum), and three unknowns, (U velocity, V' velocity, and pressure). Pressure only appears
in the U and V momentum equations which are already used to find U and V velocity.
Therefore, we must use continuity (Equation (4.6)) to find the pressure. The pressure field
is determined by first guessing a pressure field, then correcting it in a manner analogous
to Equation (5.21). The first step in deriving the pressure correction (P’ ) equation is to

substitute Equation (5.21) (and the analogous equation for V) into the continuity equation:

Mww+W+Mﬂ®WM+Mm%+%HAmm+%ﬂ
+ [A5, U + Up) + A5, (Ve + V) + [, (U + Up) + AL (VS + V)] +6p=0 (5.39)
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Gathering the terms produces:

~ [(A5 U2+ A5, V) + (AS, Up, + A, V) + (AS UL + A5, Vi) + (A5, UL + AS, V)]

= (AU + AQVE) + (AL, Uy + A3,V
+ (AL Up 4+ AC Vi) + (AS Ur + AS V) +b% = Am. (5.40)

Substituting the face velocity correction equations (Equations (5.37) and (5.38) and the

analogous equations for U’ and V' for the other faces) produces:

iz / ’___ /
Am = — | A e %P L + AS e OBP L
(Ap.—zay,) o (4p.—£az,) O
_-— / __ /
+ A, T aaP L + A, i %P L
( Pw — §A$b> v (AQI}:’w - %A2b> Yo
__ / ___— /
| Bl [ e
<A11157L - ;Agb) T <A},’n - ;Agb) y
Iz ! —_3 P/
+AS it il + Af s oF (5.41)

Us Us

(4, - saz,) 22t (4p,—saz,)
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Now substitute the pressure gradient approximations, that are analogous to Equations (4.97),

(4.98), (4.100), and (4.101), into Equation (5.41) to get:

oF

- Ve _8:

OP'
tye T oy | Sye

at(»

Am = — | A7
C

( 11L°e — ZG: %b) Smetye - tmesye

8P’L oP L
iz Sze — | Lae

+ AC _Ve _5t— ds
Ve <A11136 _ ZAQT)Lb) Sa:etye - tmesye
e
( aP’L ; oP’ o)
+ Ac “V’IU 08 U Y at U v
the < AQIL’ w E Azb) Smwtyw - twwsyw
\ w J
( BP’L oP
—— JE— 8 . _— —] .
+ Af] _V'w at ’ w BS o w
¥ ( Al}l)w — Z Afzb) S:L'wtyw - t;vw Syw
. w )
( o 8P’Lt oF .
n
( OF oP ;
T — Sy — — T,
+ Ag _Vﬂ. at 7, o aS m o
" <A1ﬁ’n — ZA;&)) S:L'ntyn - f;wnsyn
)
8P’Lf oF' .
ST N T3 N
+ AL > ?

<A1]153 _ ZA%) Sgslys — basSys
3

o
—Vs 8t

Lsms -

oP

s

S

t(lIS

+ 4G,

( 11133 — ZS:AZb) Smstys - tmssys

42)
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Evaluating the pressure gradients in terms of nodal and corner P’ values produces:

PIIE‘*PI/D P;Le_P;e

J— — S
—V d ve dt ve
Am = — |AZ - (), ().
( 111.36 _ ;A%b) Sa:etye - tmesye
Pf,ze—Ps,es PE,‘_—PIIJt
+ A¢ _Ve (dt>e * (ds)e *
Ve < 11}36 _ ZA;)Lb> sa:etye - tmesye
e
o PIID— {V _P7I1w—P£wS )
+ A _Vw (ds)w " (dt)w "
o ( 1}1) w = Z A%b) Smwtyw - tzwsyw
w
\ J
Pru=Ph, _Pp=Py, )
+ AC ——Vw (dt)w W (ds)w TW
Y (A't}))w . ZA%b) Sa:wtyw - tmw Syw
w
PrlLe_Prle PJIV_PI/’S
vac ]V @, " @,
n
J
PJIV_PI,’S PT/LG_PTIL'wt
+ A° _Vn (dt)n o (ds)n o
o < 1})’n _ ZAZb) Samtyn - twnsyn
n
\
Pée_j:)s/wt _ P;D*R‘/g'g
v ys vys
4 AC _Vs (dS)s Y (dt)s Y
Us < W ZA;IL(,> Swslys — LasSys
° s
Ph—Py  Pp—P,
e &), 7 (ds), ™=
+A$s S ( )s ( 8)3 (543)

(A}]Ds _ ZA&)) Swstys - twssys
s
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In order to simplify, collect some of the terms in Equation (5.43) by defining the coefficients

_ ¥ - % ‘
C'Ue - _—J(ds,}; CV@ — (dt)e
¥ _ ¥
Cun (ij): Cyn = (_dﬁ; (5.44)

V
— p —_

In Equation (5.43) there are also geometry terms that are repeated at each face. Simplify

EY
bS]

J

by referring to each term as one of the following with an appropriate face subscript:

_ Uy _ 8y
hty = —T—sz_sw y — LzSy hSy - sm%y — 138y
(5.45)
— 8 - Ly
hsm Swty - tmsy htm Smty - ta;sy

Another repeated term in Equation (5.43) is the momentum coefficients in the denomina-

tor. Combining the simplifications of Equations (5.44) and (5.45) with these momentum
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coefficients produces:

CueUh

Cyv.Uh

Cy.Vh

CueVh

CunUh

Cyv,Uh

CVth'

CunVh

‘”‘ve— tz/e

(A}l)e ZAub) (ds), (szetye — treSye)

— Ve Sye

(Azft’e ZA ) (dt (8zety ve — LaeSye)

—¥. s,

ZA )(dt )e (8aelye — tzeSye)

?; oo
<‘A21]36 ZA ) (Sme ye tmesye)
_v; tun
( %n - ZAzb) (dS)n (Samtyn - tmnsyn)
n
—_V—;L- Syn
< 1113‘n Z %) (dt)n (Swntyn - tmnsyn)

n

_Vn San

(A}J’n ZAnb> (dt)n (Swntyn - tmnsyn)

¥, ten

(4,

Z nb) (ds),, (8ant, yn

n

ta;n 8 yn)

- CU e htuc

ZAnb

- C1Ve hs,,e

ZAnb

_CVe hs .
Alfj’e - ZAZIJ

“‘CUe ht

1113e - ZAflb
e

- C1U 7 ht,,n

=2 A

CVn hsun

ZAnb

—Cyp hy
Azll?n ZAnb

_CUn ht

1])’71 - ZAZI)
n

87

(5.46)
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Rewriting Equation (5.43) including the simplifications of Equation (5.46) produces:

Am = — A5 {CucUh (P — Pp) — CyeUh (Pl — PL)}
+ 45, {CveVh (Py. = Pl,) — CucVh (Py — P}
+ 45, {CuuUh (Pp — Pyy) = CywUh (Pl — Ply)}
+ A5, {CvuVh (P, — Pyy) — CuwVh (Pp— Py)}
+ A5, {CunUh (Py, = Phy) = CynUh (P — Pp)}
+ 45 {CvaVh (Py — Pp) = CynVh (Pl — Plo)}
+ Ay {CyUh (P, — P,

sw

) — CvsUh (Pp — Pg)}
+A45, {CvsVh (P — Pg) — Cy,Vh (P, — P,,)}]  (547)

In Equation (5.47) there are pressure correction values at the corners of a control volume. An
approximation for these corners in terms of the closest nodal pressure corrections is required.
The simplest approximation is the average of the surrounding pressure corrections, in a form

similar to Equation (4.33) as follows:
1
Pre =7 (Pp+ Pp+ Py + Pyp) (5.48)

This approximation is reasonable for a uniform grid but it becomes poor when the grid
becomes strongly skewed or has a large aspect ratio. Control volumes with large aspect
ratios have the central node too far away from the corners to be a good representation of
the value of the pressure correction field at that location. This may result in convergence

bchavior problems.

Substituting Equation (5.48) and similar approximations for the other three corners into
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Equation (5.47) to remove reference to corner pressure corrections produces:

Am = — [ 3 { CuelUh (Pl — Pb)
_CyUh * 7 ((Po+ Ppt+ Py + Pip) — (Ph+ Pyt Py + P5E>)}
+AS {CVth 1 ((Bh+ Pot Py + Php) = (Ph+ Pyt Py + Pyy)) — CuoVh (P — 1;)}
{chUh (P’ Py) ~ CvoUh ((P’ + Py + Py + Plw) — (Pp + Py + Ps + Péw))}
+AS {c UVh ((Ph+ Py + Piy + Piow) = (Ph+ Py + Py + Plyy)) = CoraVh (P — P;V)}
{CUnUh . ((P,g + Py + Py + Plyp) = (Ph+ Ply + Py + Piyy)) = CynUh (Pl - P;,)}
+Ae {CV,LVh (Pl — PL) = CynVh % ((Pp+ Py + Py + Piyy) — (Ph+ Ply + Pl + P;VW))}
+AS {OUsUh 7 ((Ph+ P+ Py Pip) — (Ph+ Py + P+ Ply)) — CroUh (P pg)}
4z {Cvvh (P - Py
—CyVh % ((Pp+ P+ Py+ Ply) — (Ph+ Ply + P+ pgw))}] (5.49)
Simplification of Equation (5.49) yields:
Bin= = 45 { Qo (P = Pp) = Cuclh 5 (Pl + Phs) = (P + Ph))}
m&mwiUm+mm4P+%m CoeVh (P~ Pp))
+ Al { CyUh (PP Py) — CyuUh = ((PJ/\/+PJ,VW) (Ps + Pgy)

+ A, CVth (PN + Pyw) — (Ps + PSW)) CuwVh (Pp— Py)

)
}
)}
)}

+AC {CUSU/L 1 ((Po+ Pi) = (P + Pay)) = CvaUb (P — Py}

+%J%w m+m»<%+%m CunlUh (P = P})

/ 1 / /

1
+45,{CyVh (Pp = P) = GV 3 ((Ph+ Pl — (Bl + Pan))}| (550



CHAPTER 5. THE NUMERICAL SOLUTION PROCEDURE 90

Equation (5.50) can be written in either nine-point of five-point form. The five-point form
of the algebraic equation appears in Appendix B. To solve Equation (5.50) using a nine-
point solver, it is necessary to collect terms into nine coefficients and produce a nine-point

algebraic equation as follows:
AP, = AYPL + AV, Pl + APl + AY Py + A% 5 Plep + Ay Py
+ Ay Pl + AR Php + 0 =S A% Pl + 07 (5.51)
Where

A% = A2 Cy,Uh — AS.Cy,Vh

+ 211 (42,CveUh — A CyeVh + AS CyyUh ~ A5, CruVh ) (5.52)

AR = — A5 Cy,Uh + AS CynVh

1
+7 (—A4S,CveUh + A5 CyeVh — A5 CyuUh + A, CyoVh ) (5.53)

A = A2 CyUh — AS CyVh

I+ % (A2, ConlUh — AS CunVh + AS CysUh — A5 CusVR ) (5.54)

Al = —AS CyuUh + A, CyroVh
1
t 7 (A% Cunlh + A5, CunVh — AS CuUh + AS,.CyVh)  (5.55)

/ 1
Ay = 7 (A5, Cralh — A2, CruVh — A2 CyUh + AZ Cy,Vh) (5.56)
AT % (4S,Crellh — 45,CyeVh + A5, CyuUh — A5, Cy,Vh) (5.57)

P _
Avw =

(~A5,CvuUh + 45, CvuVh — A% CunlUh + A5, CuaVE)  (5.58)

> =
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Aftp =7 (~A.CvelUh + A5 CyeVh + 45, CuaUh — A5, CuaVh)  (5.59)

N

AR = A2 CuoUh — A5 CyeVh — A CuUh + A CyVh
+ chlb CVsUh - chjb CVth - AZ”CVnUh + Agn Cvth (560)

V' = (ALUZ + 4G VE) o+ (AL U + A V2) + (AS, U + A2 V)

+ (AR, U + A5 V) + b% = —1ite + 1y, — 1y, + 105 + 05 (5.61)

5.2.6 Boundary Conditions for P’

The pressure correction boundary conditions are based on the face velocity boundary condi-
tions given in Equation (4.124). The same steps as for formulating the pressure correction
equations in Section 5.2.5 are used except that Equation (4.124) is the starting point instead
of Equation (4.6). The procedure begins by substituting Equation (5.21) (and the analogous
equation for V') into Equation (4.124) and gathering terms to produce:

= () o () Ve (s, U 8, ) + (2,07 V)| -
(45)7 0% + (45)° Ve + (45,02 + 45, 17)
+ (A5 US+ A2 V) + (05)° = Am (5.62)
and results in an equation similar to Equation (5.47) but with no west continuity coefficients:
A = — |(42,)° {Cudh (P~ Pp) — GyUk (P, — PL)}
+(45,)° {CveVh (Pl — PL) = CucVh (Py— Ph)}
+ A%, {CunUh (P, — P,) — CvnUh (P — Pp)}
+ Ay, {CvaVh (Py — Pp) = CunVh (B — Pry,)}
+ Ay, ACusUh (Fye — Py,) — CysUh (Pp ~ Pg)}
45, {CvsVh (Pp = Pg) = CusVh (Pi = Po,)}]  (5.69)
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The northeast and southeast corner pressure corrections are approximated as the average of
the four nearest nodal values, as in Equation (5.48). On the west boundary, the pressure at
the northwest corner of a control volume will be between the west nodal pressure and the
northwest nodal pressure. Therefore, the pressure correction for this northwest corner can

be approximated by a linear interpolation along the boundary as follows:

P7/Lw = fu P{V + (1 - fn) PJIVW (5.64)
where
DJSWp_1
fo= oLl (5.65)
(dt)n(rp-14)
similarly for the southwest corner
Pl = fs Psw + (1= fs) Py (5.66)
where
DJSW p_1
fo= U519 (5.67)

~ (d)ngB-1,4-1)
Substituting the interpolations and the corner approximation (Equation (5.48)) into Equa-

tion (5.63) produces:
- [(12)° {Cucn (Pp— Pp) — Cun % ((Pie+ Pics) — (P + Ph)) }
+(45) {CrVh (Pl Phes) = (B + Ph)) = Cuah (P — )
+ AL {CUnUh (% (Py + Pp+ P+ Pyg) = (fuPy + (1= fu) ;vw))
— CyuUh (Pl — P,',)} +AC {Cvnm (Py — P}
~CunVh (G (Pl P+ P+ Phs) = P + (1~ £2) P
45, {Cos (3 (P + Pot Pt Pi) = (fPhy + (1= £ Ply))
= Cuh (Py = P3) | + A5 {CvaVh (P — P

1
— CyVh (Z (P%+ Ph+ Py + Phg) — (foPly + (1.0 — £) Pév)) }] — Am (5.68)
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The boundary pressure corrections still need to be removed from Equation (5.63). The
pressure correction boundary condition is not set directly, but is set indirectly based on
velocity boundary conditions. Since the pressure correction field will reduce to zero upon
convergence, a simple approximation like linear extrapolation is considered sufficient. The

linear extrapolation for the west boundary is:

, ——
Was.yy =

1+ DISW(IB,J) PI + "‘DISVV([BJ) P’
DISEp ) + DISW (41,5 Pus.j DISEq5, + DISWipe1y Eup.;

Y / 24 ’
- AP(IB—IJ) PP(IB,j) + AE(IB—IJ) PE(1B,J‘) (5‘69>

As Equation(5.69) shows, the geometric terms are stored in the fictitious pressure correction
coefficients, which are used in setting the fictitious pressure correction after the solution
of the interior field. Analogous extrapolations are made for the northwest and southwest
pressure corrections on the west boundary. Similar extrapolations are made for all boundary

values on the east, south and north faces.

Substituting Equation (5.69) for the west, and analogous equations for the northwest,
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and southwest pressure corrections in Equation (5.68) produces:
= |(45.)" {Corb (P — P) = v 1 ((Pict Phg) ~ (P + Pi)}
+(45)° {CueVh 7 (Pl + Piup) = (P -+ Phg) ) = CucVh (P — PR}
+ 45, {ConUh (1 (Py + P+ Py + Ply)
— fn (Az})’l([B—l,j)PII’ + AZJ)EI(IB—LJ')PE«?) (1= fa) ( pus-1540) N + AE(IB lj+1)P],VE))
= Cuallh (Py = Pp) } + 45, {CvaVh (B = Pp)  CoVh G (Py + P+ Py + Plyp)
— fa (AII)’I(IB~1,J‘)P1/° + AZ]E,(IB—I,J')P;E) (1= fn) ( P(IB-1,j+1) N+ AZI);(IB—-I,j-H)PI/VE))}
+ 45, {CuUh (Z (P + Pp+ P+ Pi)
—fs (Ag(m—u_npé + AZZ)?I(IB—I,j—l)PéE) —(1=1) (AZI)DI(IB—I,j)PIID + A%(IB—l,j)PJg‘)>
~CvUh (Pp = P} + 45, {CuaVh (Ph— P) ~ CygVh (3 (Ph+ Phot Ph+ Phy)
— fs (AII);(IB—lj—I)P:S' + A%(IB—I j—1)PéE>
—(1-f) (AP(IB 1y PP + Af) B(IB— 1J)PE>>H = Am (5.70)
Equation (5.70) can be written in either nine-point or five-point form. The five-point

form appears in Appendix B. After application of the boundary conditions, the modified
coefficients for the nine-point P’ equation are:
AL = A (CVSUh + CysUh ( — o A 1)>>
A (CVSVh + CyaVh ( — A 1)))
1 c e \®

+Z<(Auc) CvoUh — (42) CVth> (5.71)

AT = A <CVnUh, CynlUh (— — (1= fa) Ay j+1)>>
'*‘Azczn (CVth CunVh (_ -(1- fn) P(IB 1g+1)>
1

+5 (= ()" cvetn + (4 )°Cvovn) (5.72)
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A = (42,)° CueUh — (A2)® CuVh
+ (A8, CunUh ——AgnCUth)< — fo Ay 1j)>

+ (45,Cu,Uh — 45,Cy,Vh) (Z ~ (1= £) Asory ) (5.73)

A~ % ((A‘ )¥ Cveh - (42)° cVth>
+ (42,00Uh — 45,CuVh) (% — A, j_1)> (5.74)
A % (_ (4,)° Cuelh + (42)° cVth)

¢ 1 .
+ (45, Coallh = 45,ConV1 ) (34 (1= £) Ay i) (B75)

Ap = (4,)" Colb = (4)° Coch
45, (b —Coih (2= (- 1) Ay ,)
— A (Cvth CysVh (*—(1 fs) AZ;’/(IB—IJ)>>
— Ac (CVnUh + CyUh ( —fn A P(IB 11)))

+AC (CVth + CunVh (Z _f A’},’UB_IJ)» (5.76)

0 = (45,)° U2 + (45)° Vi (AS U2+ A5, V7) + (AS,0F + AS V) + (15)°
= —Me + My — My, + 10 + 05 (5.77)

‘The west, northwest, and southwest boundary pressure corrections have now been eliminated

from the computational domain so these coefficients can be set to zero as follows:

; 3

AV, =0
A = 0 (5.78)

Asw = 0
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There is a south boundary as well as a west boundary at the southwest corner. So the south
and southeast pressure corrections need to be extrapolated as well and their coefficients can

be set to zero as follows:

!

Ag(IB,JB) = 0
(5.79)

/

AZ;'E(IB,JB) = 0

An analogous procedure is used for the other corners of the computational domain.

5.3 Solution Algorithm
The solution procedure is, briefly:

1. Read in all input data and grid information.

2. Calculate the continuity coefficients.

3. Calculate the coefficients of the two momentum equations.

4. Set boundary conditions, including blockages.

5. Add the pressure gradient term to the momentum source terms.
6. Add the buoyancy force to U and V momentum source terms.

7. Solve momentum equations for the guessed velocities, U* and V*.
8. Use the PWIM to calculate the guessed face velocities.

9. Calculate the pressure correction source term.

10. Solve for the pressure correction field.
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11. Correct the face and nodal velocities using the new pressure correction field.
12. Correct the pressure field using the new pressure correction field.

13. Calculate the coefficients for temperature equation.

14. Solve for the temperature field.

15. Repeat from step 5 through 14 until the steady-state convergence criteria are met.

Further details of the solution algorithm are given in Appendix A.

5.4 Convergence Criteria

5.4.1 Linear Equation Convergence

The linear equations convergence criterion limits the number of solver iterations for each
algebraic equation based on a residual reduction. The residual is defined (similar to the
method use by Peri¢ [31]) as the sum of absolute values of all residuals normalized by the

number of control volumes as follows:

>
R¢ _ all(i,j)

<IZDA%B(I)NB + b¢ - A%@p)
NX x« NY

(5.80)

where @ is one of (U, V, P’, or T'). The solver ceases iterating when the residual from the
n'™ iteration is less than a specified fraction, R? .., of the residual from the first iteration.

In mathematical terms, when

Ry
R < R%.. (5.81)

=5.0%x10"%, RY =5.0x1073,

The typical values of R¢ __ for each variable were: RY spec

spec spec
RE  =1.0x10"", and RT

spec e = 1.0x1075. Note that these convergence criteria are quite tight.
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Van Doormaal and Raithby [43] use a root mean squared residual and claim a reduction factor
of 0.25 to 0.05 as optimal. The tight convergence criterion on the linear equation solvers
used in this work does not affect the converged solution, and maintains strong conservation

at each time step.

5.4.2 Steady State Convergence

A steady-state convergence criterion, A? .. is set separately for each solution variable, ®
being one of (U, V, P, or T). At each time step, at each control volume, the ¢ value is
compared with its value at the previous time step and normalized by the range of values of
that variable to calculate:

,q)(i,j) - (I)c()i,j)l

A¢ — N Ad’ e
maz( ) (maz (o g) — main(Pani )

all(3,5) (582)

The largest value of A‘(’;’ ;) 18 used as the measure of convergence for that variable field and

that step. Steady-state convergence is declared when

AP < A2, (5.83)

for the U, V', P, and T fields.
The typical values of AZ,, for each variable were: AU, = 1.0x1075, Abee =1.0x1075,
Afpee = 1.0x1077, and AT . = 1.0x10~7. Van Doormaal et al. [44] use a convergence

criterion of Afpec = 5x107". The small steady-state convergence criteria were used in this
work to ensure tightly converged solutions.

The typical amount of CPU time used on a Sun Microsystems Sparc 5 for the 120x80

problem in Section 7.2 was 10 hours.



Chapter 6

Validity Checks and Test Problems

6.1 Introduction

This chapter presents the results of tests designed to verify the accuracy and validity of the
results produced by the computer code written for this work. The results of the present work
are compared with the results given in the literature. The focus is on problems that require a
non-orthogonal grid in order to validate the non-orthogonal aspects of the solution method.
Simple tests were performed using orthogonal (Cartesian) grids and the results compared

well to the literature.

This chapter contains two sections. The first section presents two test problems each of
which use a single non-orthogonal grid. The first test problem checks the Alow only and the
second test problem checks heat transfer and buoyancy forces. The second section presents
comparisons between orthogonal and non-orthogonal grids on parallel plate and lid-driven
cavity flows. It also presents the results of solution of a so-called slug flow through a tube

bundle by using two orthogonal grids.

99
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6.2 Single Grid Flow Tests

This section compares individual grid results with simple published results of two standard
test problems. The first test is the so called tilted lid-driven cavity. The cavity represents a
recirculating flow in a grid where the cross-derivative terms are very important. The second
test is natural convection in a hexagonal annulus and is used to validate the heat transfer
and buoyancy forces as well as the composite non-orthogonal grid. These problems test the
code results for complex non-orthogonal boundaries on a single grid. In both problems the

flow is laminar.

6.2.1 Tilted Lid-Driven Cavity

The lid-driven, or shear-driven cavity tilted at 45° uses a very simple grid. This test is chosen
to exercise the non-orthogonal grid at a fairly steep angle and with a recirculating type of
flow that ensures strong flow for both velocity components. The results will be compared
with those published by Peri¢ [32] on the same grid density (80x80). Perié uses an upwind
differencing scheme, (UDS), that gives similar accuracy to the exponential upwinding scheme,
(EDS), especially in high flow regions. The accuracy of the results depends strongly on the

upwind scheme, so the two methods are expected to compare well.

The tilted cavity is created from a standard uniform square grid but with the top shifted
to the right so the sides make a 45° angle with the vertical. The bottom left corner is at
(0,0) and the top right corner is at (2,1), in Cartesian coordinates. The cavity width and
height are therefore L = 1 [m]. The lid velocity, Uyq is chosen to be 1 [m/s], and the fluid
viscosity is 1.846x107° [N - s/m?). The fluid density is chosen so that the Reynolds number,
based on lid velocity and cavity width is

wl
Re = pUL‘i = 100 (6.1)

The sides and bottom are solid, zero slip walls. Results will be presented from calculations
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—_— Ulid

| 0 |
Figure 6.1: Tilted Lid-Driven Cavity, 20x20 Grid.

on a grid similar to that shown in Figure 6.1, but with an 80x80 grid density.

The streamlines, shown in Figure 6.2, compare well with the streamlines given by Perié.
There are a few more streamlines shown in Figure 6.2 to more completely illustrate the
flow. The stream-function values are given in Table 6.1. The following are the approximate
locations of the main features of the streamlines. The center of the primary vortex, rotating
clockwise, is at (1.40,0.84). The center of the secondary vortex, rotating counter-clockwise, is
at (0.67,0.26). The first zero streamline crosses the domain from the left wall at (0.61,0.61)
to the right wall at (1.18,0.18). The second zero streamline is in the hottom left corner
from (0.21,0.21) to (0.30,0). The third zero streamline is in the bottom left corner from
(0.08,0.08) to (0.1,0). There is a weak rotational flow between each of these smaller zero
streamlines as well, they just do not show up with the stream function levels chosen. The
flow is weak in the lower left corner and the the streamlines are not well resolved in that

location at this grid density.
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Figure 6.2: Tilted Lid-Driven Cavity, Streamlines: 80x80 grid.

-0.07 | f —0.02 k  0.000026
—-0.06 g —0.01 1 0.000052
—0.06 |h —0.005 |[m 0.000077
d —-0.04 |i -0.001 {n 0.000103
¢ —0.03 |j 0.0 o 0.000129

T

o

Table 6.1: Stream Function Levels for Figure 6.2.
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A plot of U velocity profiles at three locations is shown in F igure 6.3. The present results
compare very well to Perié’s results. The z = 1.0 profile is actually from the bottom right
vertex to the top left vertex of the domain. It shows small deviations from zero in the U
component of velocity, except near the top. At y = 1.0, the very top of the domain, this
velocity profile shows a velocity of 0.5 [m/s]. This lower velocity is an artifact that only
occurs in corners where the two different Dirichlet boundary conditions are averaged. The
x = 1.25 profile goes from y = 0.25, at the slanted wall, to the lid, passing just to the left

of the main vortex center. The z = 1.5 profile, however, passes to the right of the main

1 T

present work ——
Peric —=-

x=1.0

y, [m]

0 | I [ l ! I
-04 -02 O 02 04 06 0.8 1 1.2

Velocity, [m/s]

Figure 6.3: Tilted Lid-Driven Cavity, U velocity profiles.
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vortex center where the velocity is higher. The three profiles have a slight offset from Perié’s
results. The percentage difference of peak negative velocities along the z = 1.5 line is 0.3%,

while along the z = 1.25 line the peak velocity difference is 6.5%.

A comparison of V velocity profiles in Figure 6.4 shows that the present study is very close
to Peri¢’s results. The V' velocity profile is given at three y locations, and all three profiles
match almost exactly except for a few locations. At those locations, error in digitizing Perié¢$
curves from literature may be the cause of the deviations. Note that the V profiles are much

closer to Peri¢’s results than are the U profiles. The curve for y = 0.4 is just below the

0.2 T T T

present work ——

0.15 Peric =——:

0.1

0.05

Velocity, [m/s]

-0.3 ] l ] ] | I L
04 06 08 1 12 14 16 1.8
X, [m]

Figure 6.4: Tilted Lid-Driven Cavity, V velocity profiles.
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horizontal center of the domain, beginning at z = 0.4 and ending at z = 1.4. There is very
little flow in the lower part of the domain so this curve does not deviate very much from
zero. The curve for y = 0.6 begins at z = 0.6, ends at z = 1.6 and shows a larger velocity.
Near the top of the domain, at y = 0.8, the velocity is much larger. This location is just
below the center of the primary vortex and the cross over from positive to negative velocities
is just to the left of x = 1.4. These results are consistent with the streamline pattern shown

in Figure 6.2.

This test has shown that the present work compares well with previous published results

for this problem.

6.2.2 Natural Convection in a Hexagonal Annulus

Another test problem that exercises the flow solution on a non-orthogonal grid is the so-called
hexagonal annulus. This study will be compared with published results of Glakpe and As-
faw [12], who used it as a model of a spent-fuel storage container, and with Raithby et al. [35]
who also used this application as a test problem. The annulus has been studied using many
diameter ratios but this work compares results for only one diameter ratio, as described

below.

Half of the hexagonal annulus is shown in Figure 6.5 along with dimensions and boundary
conditions. The annulus in this test has a diameter ratio % = 0.5. That is the inside radius,
r = 0.5, to the center of a flat surface, and the outside radius, R = 1.0. The distance between
the inner flat surface and the outer cylinder is called the gap, A = 0.5. The inner hexagonal
cylinder is isothermal at, T, = 1 while the outer circular cylinder is at a lower temperature,
Ty = 0. The Rayleigh 11uf11ber based on the gap width is defined as:
— 98(Ty — T))A*p? Cp

wk

R(J,A (62)

The working fluid is air at 300 [K]| (Pr = 0.707), the properties of which are found
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in Incropera and Dewitt [14]. Using the ideal gas assumption, the coefficient of thermal
expansion was taken as § = %, where T' = 300 [K]. The density was adjusted to produce a
Rayleigh number of Ra = 9.2x 10 for this comparison. The inner hexagonal cylinder and
the outer circular cylinder are zero slip walls. There is also a symmetry plane that intersects

the annulus at both top and bottom as shown in Figure 6.5

Figure 6.5: Hexagonal Annulus, 20x20 Grid.

The grid was generated using the paneling method in Cartesian coordinates instead of
radial coordinates and transformation equations used by Glakpe and Asfaw [12]. They used
a staggered grid, representing convective terms by upwind differencing, and a variant of the

SIMPLE algorithm.

Raithby et al. [35] used an orthogonal curvilinear 40x 40 grid that conforms to the bound-
aries. They also used a “stress-flux formulation” of the equations, a staggered grid, and the

SIMPLEC solution method for pressure-velocity coupling.
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Figure 6.5 shows a 20x20 grid of the solution domain. Each panel in the domain begins
and ends at a vertex of the inner hexagon with control volumes uniformly-spaced in each
panel so the present grid is slightly different from the grid used in the cited references. In
other words, the present grid is a single non-orthogonal composite made up of four non-
orthogonal pieces. The arc was generated by using straight line segments and the interior

was mapped using transfinite interpolation as described in Section 3.2.

A 40x40 was chosen to match the grid used in Raithby et al. [35]. The results for that
grid are shown in the form of streamlines in Figure 6.6(a) and isotherms in Figure 6.6(b).
These results are qualitatively the same as the two published results. The values of the

streamlines in Figure 6.6(a) are listed in Table 6.2.

In Figure 6.6 the streamlines show that there is a vortex that separates at the uppermost
vertex of the hexagon. The fluid in the bottom corner is virtually stagnant because of the
stratified temperature layers. The cooler air at the bottom does not rise and mix in the main
vortex.

A quantitative comparison is given by use of the graphs of k, 77/k (as defined in [35])

versus Raleigh number in both Glakpe and Asfaw [12] and Raithby et al. [35]. The present
simulation finds a kep;/k = 3.265 for Ra = 9.2x 10* while the published results both give
a value of 3.3. This represents an error of approximately 1%, which is excellent agreement

and well within the accuracy of reading the value from the graph in the literature.

The results of this natural convection flow caleulation compare very well with previously
published results and therefore show that the present code accurately predicts the correct

flow patterns for this problem.
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(a) Streamnlines.

(b) Isotherms.

Figure 6.6: Hexagonal Annulus Results.

a

b

o o

o

—6.5x 1073
—6.0x1073
—5.0x1073
—4.0x1073
~2.0%x1073

Lan

= R

[N

j

—2.0x10™
2.0x1074
2.0x1073
4.0%x1078
5.0x1073

Table 6.2: Stream Function Levels for Figure 6.6(a).
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6.3 Multiple Grid Flow Tests

This section deals with flow tests on different grids. The first test is a model of the square lid-
driven cavity to compare the results from an orthogonal grid and non-orthogonal grid. The
second test serves as an illustration of the edge effect of the tube bundle and a comparison is
made between coarse and fine control volumes at the tube bundle boundary. The third test
extends modeling capability by tilting a grid region (which will represent a tube bundle in
another test). This simulation will compare results on an orthogonal and two non-orthogonal

grids. The flow is laminar in tests one and three. In test two effective viscosity is used.

6.3.1 Square Lid Driven Cavity

The purpose of this test is to compare the results using orthogonal and non-orthogonal grids

to published results for the standard lid-driven cavity.

The orthogonal grid with uniformly-spaced control volumes, shown in Figure 6.7, repre-
sents a simple 1 [m] by 1 [m] square cavity with solid walls on both sides and bottom. The
top lid is moving to the right with a velocity of Uy = 1 [m/s]. For this test a Reynolds
number based on lid velocity and cavity height, Re;, = 400 was chosen by adjusting the

density. The fluid viscosity is 1.846x 107° [N - s/m?).

The non-orthogonal grid shown in Figure 6.8 uses the same outside dimensions as the
orthogonal grid, but the interior control volumes are skewed to exercise the non-orthogonal
terms in the equations. There is a boarder region of orthogonal control volumes having a
width of 0.1 [m]. The central region is skewed using an expansion factor in order to obtain
the greatest dogree of skewing possible without making the control volumes near the corners
too large or too small. The expansion factors used on the top and bottom of the center

region were 0.87 and 1.13, respectively.

"This test problem was solved on two grid resolutions, 20x20 and 80x80, both of which
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U=V=0
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Figure 6.7: Square Orthogonal 20x20 Grid.
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Figure 6.8: Square Non-Orthogonal 20x20 Grid.
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CHAPTER 6.

had uniform grid spacing. The non-orthogonal 80x80 grid is shown in Figure 6.9. It should

be noted that the 80x80 grid has a slightly different angle in the center compared to the

20x20 non-orthogonal grid. This is caused by the different expansion factor from that for the

imply because of the number of control volumes over which the expansion

dandiss

coarse gri

must be spread. For this grid, the expansion factors used on the top and bottom of the

re 0.96 and 1.04, respectively.
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driven cavity problem. Miller and Schmidt have tested their co-located FVM, PWIM and
QUICK differencing on the lid driven cavity.

Jessee and Fiveland [15] and Miller and Schmidt [23] both indicated that upwind (UDS)
is less accurate than higher order schemes. In the present work, EDS becomes nearly equal
to UDS in high flow regions so it is expected that the present code will under-predict the

velocities in areas of rapidly changing flow in the manner indicated in Figure 5(b) in [15].

The first method of comparison is the streamlines for the different orthogonal and non-
orthogonal grids. The values of stream function shown in Figure 6.10 are listed in Table 6.3.
The first test was with the orthogonal 20x20 grid as shown in Figure 6.10. The resulté
indicate that the 20x20 grid is too coarse to accurately predict the flow. The main vortex
minimum stream function value is 0.0835 [m3/s] which deviates by almost 27% from the

minimum reported by Ghia et al.

N
@\k\b

Figure 6.10: Square Lid-Driven Cavity Streamlines: Orthogonal 20x20 Grid.
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At a resolution of 8080, the streamlines shown in Figure 6.11 are qualitatively similar to
those of Ghia et al. [11], with all the vortex centers in the correct locations. The location of
the main vortex center is at (0.56,61). The location of the bottom right secondary vortex is
at (0.89,0.13). The location of the bottom left secondary vortex is at (0.05,0.05). Ghia et al.
resolve two additional vortices in the bottom corners with a 129x129 grid. The 80x80 grid
used in this work does not resolve those details. The minimum stream function value for the

main vortex is 0.1107 [m?/s] which deviates by only 2.8%.

Figure 6.11: Square Lid-Driven Cavity Streamlines: Orthogonal 80x80 Grid.

In the process of generating the non-orthogonal grid, certain areas of the grid become
more refined while others become more coarse. The non-orthogonal 20x20 grid results,
shown in Figure 6.12, are slightly better than the coarse orthogonal grid because of some
local grid refinement near the walls. The minimum stream function value for the main vortex
is 0.0863 [m?/s] which deviates by 24%, so, overall, there is only a small improvement over

the uniform orthogonal grid.
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Figure 6.12: Square Lid-Driven Cavity Streamlines: Non-Orthogonal 20x20 Grid.

‘The non-orthogonal 80x80 grid results shown in Figure 6.13, also compare well with the
results of Ghia et al.[11]. The vortex centers are at the same locations as in the orthogonal
80x80 grid so the different grid shape did not greatly affect the flow prediction. The mini-
mum stream function value for the main vortex is 0.1107[m?/s] which deviates by only 2.8%.
This, again, was almost exactly the same as the orthogonal grid. The difference between the

minimum stream function values of the orthogonal and non-orthogonal grid was only 0.03%.

A second method of comparison is by using the velocity profiles. Both Jessee and Five-
land [15] and Miller and Schmidt [23] have presented results that appear to be in agreement
with Ghia et al. The present work has slightly lower peak velocities than Ghia et al [11].
For example, in Figure 6.14, the Ghia et al. data point at y = 0.2813 has a U velocity of
~0.32726 [m/s], but the orthogonal grid result is —0.3127[m/s|, and the non-orthogonal grid
result is —0.3125 [m/s], which are deviations of 4.4% and 4.5% respectively. There is only a
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©

f.
Figure 6.13: Square Lid-Driven Cavity Streamlines: Non-Orthogonal 80x80 Grid.

\ 4

a —-011 |[f —-0.03 k 0.00001
b —0.1 g —0.01 1 0.0001
c —0.09 |h -0.001 m  0.0005
d -007 |i —0.0001

¢ —0.05 1] 0.0

Table 6.3: Stream Function Levels for Figures 6.10 through 6.13.
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Figure 6.14: Square Lid-Driven Cavity U Velocity Profile along Vertical Centerline.

0.06% difference between the orthogonal and non-orthogonal peak U velocity.

The V' velocity profile at the horizontal centerline is plotted in Figure 6.15. Ghia et al.
report a V' velocity of —0.44993 [m/s] at © = 0.8594. The results from the present work
are velocity values of —0.4374 [m/s] for the orthogonal grid and —0.4393 [m/ s} for the non-
orthogonal grid, which are deviations of 2.8% and 2.4% respectively. There is a 0.4% differ-

ence between the orthogonal and non-orthogonal peak V velocity.

Considering that results of Ghia et al. were on a 129x129 grid and the present work only
used an 80x80 grid, the results are quite satisfactory. Even though the present work uses
different methods than either of the cited results, the solution was well within expected error
and can be explained by the low-order, exponential upwinding scheme used in the present
work. There is also no significant difference in the results produced by the orthogonal and

non-orthogonal grids.
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Figure 6.15: Square Lid-Driven Cavity V' Velocity Profile along Horizontal Centerline.

6.3.2 Slug flow Through Tube Bundle

Flow between two parallel zero-shear boundaries is referred to in this work as a slug flow.
In this demonstration, a fluid enters the left with a uniform inlet velocity of 1 [m/s] between
zero-shear boundaries, top and bottom, and has a fully-developed exit at the right. The
fully-developed boundary condition is %% =0 and V = 0. The flow is expected to maintain
the uniform profile and also to eventually recover it if disturbed. The fluid molecular viscosity

is 2.082x107° [N - s/m?| and the density is 0.995 [kg/mn3].

This section is a demonstration of the pressure and velocity fluctuations at the edges of a
tube bundle region. The test grids, as shown in Figure 6.16, provide different grid resolutions
near the tube bundle boundary (the shaded area). Each grid is made of four panels of
widths 0.2, 0.1, 0.1 and 0.2 [m], with a height of 0.1 [m]. The two central panels define

the tube bundle area. In Figure 6.16(a) each panel has expanding or contracting control
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volumes so that the control volumes are concentrated at the edges of the tube bundle. The
expansion factors of the four panels are 0.7, 1.15, 0.85, 1.3, respectively. In Figure 6.16(b)
the control volumes remain uniform in each panel so no refinement occurs near the tube

bundle boundaries.

(a) Fine Grid.

(b) Coarse Grid.

Figure 6.16: 40x3 Grids for Slug Flow with Porosity.

Figure 6.17 shows the velocity profiles along the horizontal centerline. The vertical lines
indicate the leading and trailing edges of the tube bundle. The velocity increases inside
the tube bundle because of the reduced flow area. The porosity is equal to 0.742 so the
velocity is 1.0/0.742 = 1.348 [m/s]. The solid line represents a viscosity multiple of 25 and
the dashed line a viscosity multiple of 100 on the refined grid. There appears to be very
little difference in the velocity profile with respect to viscosity multiple. The dotted line in
Figure 6.17 represents the velocity profile for g * 100, but on the coarse grid. The curve is
much smoother than with the fine grid. The velocity details are not resolved on the coarse

grid, the peaks are smaller and further away from the tube bundle.
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Figure 6.17: Slug Flow Velocity Profile.
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Pressure profiles along the horizontal centerline are shown in Figure 6.18. The pressure
profile for 1425, the solid line, shows a small peak at both the leading and trailing edges of
the tube bundle. As the viscosity multiple increases to 100, the dashed line, the pressure
spike increase in size. This shows that the increase in viscosity multiple increases the severity
of the edge effect. The coarser grid pressure profile at u % 100, the dotted line, has smoother
transitions at the tube bundle edges than does the fine grid. The effect of the transition is
spread over a larger area when using a coarse grid because only the first few control volumes
are affected. If the control volumes are small all the change has to happen in a very short
space thus creating larger pressure spikes. These pressure fluctuations cause problems in the

PWIM which produce unrealistic face velocities as noted by Miller and Schmidt [23].

0.1 T I i

0.08 - Fine grid W25 —— -
________ ' Fine grid u*100 ——-
........................... ! Coarse grid u*-loo amzmazsar

Pressure, [N/m’]

-0.02
0.5 0.6

Figure 6.18: Slug Flow Pressure Drop.
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The effective viscosity value has a significant effect on the overall pressure drop. The non-
dimensional pressure drop, %—?‘%Z, is 6.2% higher for the viscosity multiple of 100 than the
multiple of 25 on the fine grid. The coarse grid pressure drop is for the fine grid even though
the viscosity multiple is 100. Frisina et al.[9] refer to false pressure drop at tube bundle
boundaries, or anywhere porosity changes, as being associated with upwind differencing.
They indicate that central differencing should be used in the tube bundle to correct this
problem. There also appears to be an effect caused by a change in the grid density and the
turbulence level.

The pressure drop correlation used by Butterworth [3] gives a pressure gradient of
%]xz = —0.3234 [N/m?] for the conditions used in this test problem. To compare with the
theoretical value, the pressure gradient in the tube bundle was estimated by subtracting
the pressure at z = 0.25 from the pressure at £ = 0.35 and dividing by the distance be-
tween the two chosen nodal pressures. This method avoids including the edge effects in
the pressure drop measurement. The measured pressure drop inside the tube bundle is
%% = —0.3235 [N/m?] for the coarse grid and %% = —0.3237 [N/m3] for the fine grid.
"This close comparison of the pressure gradient shows that the computer code is reproducing

virtually the same results as the correlation.

The overall pressure drop can be estimated by taking the pressure drop of the tube bundle
interior and extrapolating over the entire tube bundle width, 0.2[m]. The result is a pressure
drop of £& = —0.0647 [N/m?] for the correlation. To compare the present with this value

the pressure at the entrance was subtracted from the exit pressure, and divided by the tube

bundle width. The fine grid pressure drop for u % 25 was £5 = —0.0662 [N/m?], which is
2.3% too high, and, for x % 100, was £2 = —0.0703 [N/m?], which is 8.6% too high. The
coarse grid at y+ 100 had a pressure drop of 8]; = —0.0653 [N/m?|, which is 0.9% too high.
These measurements quantify the amount of false pressure drop for each grid and viscosity

multiple.
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This section has demonstrated that refining the grid at a tube bundle boundary causes
velocity and pressure fluctuations when combined with increased viscosity. The pressure drop
in the interior of the tube bundle, avoiding edge effects, compares well with the pressure drop

correlation given by Butterworth [3].

This test problem is presented to briefly introduce the fluctuations in velocity and pressure
that occur when simulating flow in and out of a porous region. These phenomena are
presented because they occur in problems in Chapter 7. The resolution of these issues is

beyond the scope of this work.

6.3.3 Parallel Plates

The purpose of the parallel plate flow test is to show the effect the grid has on the solution
and to compare the results to theoretical values. For flow between parallel plates, a long
narrow solution domain was defined representing half the distance between plates. The
aspect ratio of the domain is 10 : 1 with the half width A = 1. The geometry is shown in
Figure 6.19. The first section, from the entrance to z = 4.5h, contains either an orthogonal
or a non-orthogonal grid. The rest of the domain, up to z = 10k was the same for all
grids. That region has expanding orthogonal control volumes, with a factor of 1.02, in order

to allow the fluid enough length to become fully-developed. The dashed lines indicate the

4

A

Yin f—~n—{4n]4n|shl—n—{in|sn} 5h .
h . i ; i

4

A

x=2.25h X=5.0h X,=10h

Figure 6.19: Parallel Plate Test Problem Domain Dimensions.
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edges of panels for the non-orthogonal grids.

Three grids were used to produce results for this problem. The first was the orthogonal
grid shown in Figure 6.20(a). The first 45 control volumes are uniformly spaced up to
@ = 4.5h and then 25 more are expanded up to z = 10h. The second is a non-orthogonal grid
shown in Figure 6.20(b). This grid has three panels of uniformly-spaced control volumes:
10 control volumes from the entrance to the first diagonal dashed line in Figure 6.19, 25
control volumes up to the second diagonal dashed line, and another 10 up to the dashed line
at & = 4.5h. The third grid is also non-orthogonal (Figure 6.20(c)) but with an orthogonal
section around marker “B”, in the middle of the skewed area of the second grid. This grid
has five panels of uniformly-spaced control volumes: 10 control volumes from the entrance
to the first diagonal dashed line, 10 control volumes up to the first vertical dashed line, 5
control volumes up to the second vertical dashed line, 10 control volumes up to the second

diagonal dashed line, and another 10 up to the dashed line at x = 4.5A.

The boundary conditions for this problem are a solid wall on the bottom, symmetry on
the top, a uniform inlet on the left, and fully developed conditions on the right. The inlet
velocity is 7.7685x 107* [m/s]. The working fluid viscosity is 2.082x 107 [N - s/m? and the
density is 0.995 [kg/m?]. The Reynolds number based on channel width, 2k, is Re = 74.25,
so the flow should be fully developed at about z = 7.4h and the fully-developed boundary

condition is acceptable.

Figure 6.21 shows normalized U velocity profiles at three different z locations on the
three different grids. The first profile is at = 2.25h (marker “B” in Figure 6.19). The
second profile is at z = 5.0k (marker “C”) and the third profile is at the end of the grid, at
z = 10.0h (marker “D").

It is clear in Figure 6.21 that the U velocity becomes fully developed towards z = 10A.
The profiles for z = 5.0h and x = 10h are very similar, indicating that the flow is almost

fully developed at & = 5.0h. In addition, the three different grids produce the same velocity
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Figure 6.21: Parallel Plates U Velocity Profiles
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profiles at each of the three locations. At this resolution, 10 control volumes in half the
cross stream width, there is no significant difference between the orthogonal and the two
non-orthogonal grid solutions. Maximum normalized U velocity is 1.4879 [m/s] which is

0.8% error from the expected theoretical value of 1.5 [m/s].



Chapter 7

Results and Discussion

7.1 Introduction

This chapter presents the results for two advanced test problems. The test problems each
contain a tube bundle region that is not aligned with a Cartesian grid. This permits compar-
ing the results for aliasing the tube bundle boundaries, on a Cartesian grid, versus matching

of the boundaries, with a non-orthogonal grid.

The first test problem presented here builds on the parallel plate problem in Section 6.3.3
by adding a tube bundle in the slanted part of the grid. Tube bundle effects were first
demonstrated in the slug flow through an orthogonal tube bundle in Section 6.3.2. The first
test problem focuses on the effects of the porous region and the non-orthogonal grid together
by analyzing slug flow through a tube bundle slanted at 45 degrees. The 45° slant is designed
to cause the greatest aliasing error in the orthogonal grid.

The second test, a simple model of a heat exchanger, combines non-orthogonal porous
region boundaries with blockages, sealing strips and a rectangular shell. The blockages,
sealing strips, and shell are kept Cartesian so the orthogonal grid lines match the general

shape. Only the tube bundle sides and the tip of one blockage are at a 45° angle to maximize

127
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aliasing and utilize the advantages of the non-orthogonal grid. Therefore, the only aliasing is
of the tube bundle and blockage. In heat exchangers the flow is often turbulent so a simple
constant viscosity turbulence model is used along with wall functions. The same effective

viscosity is used for both grid systems.

7.1.1 Slug flow through a Tube Bundle.

Slug flow is a simple test with a known solution which was introduced in Section 6.3.2 with
an orthogonal tube bundle perpendicular to the direction of flow. A uniform inlet {/elocity
profile should remain uniform, unless some disturbance exists, and should return to uniform
profile given sufficient distance. This test problem does not contain any solid wall boundaries
or internal blockages so that the focus is only on the aliasing issue on the boundaries of a

the slanted tube bundle.

The test grids are the same as for the parallel plate test and the dimensions are shown in
Figure 6.19. The inlet flow velocity is U, = 1.4647x 1072 [m/s] entering the left boundary
(at marker “A” in Figure 6.19). The outflow at the right (marker “D”) was fully developed.
Both top and bottom are zero-shear boundaries. The fluid density is 0.995 [kg/m3] and the

molecular viscosity is 2.082x 107° [N - s/m?].

Figure 7.1 shows the grids used in this test with an addition of a tube bundle. The tube
bundle region, shown as the shaded area, is defined by the 45° diagonal line from 0.5k to
1.5k on the left, and the 45° diagonal line from 3A to 4h on the right. The stepwise aliasing
of the tube bundle boundary can be seen in Figure 7.1(a). The grid shown in Figure 7.1(b)
is the first of two non-orthogonal grids that were used. The grid lines are skewed so that
they match the tube bundle boundary along the control volume faces. The grid shown in
Figure 7.1(c) is a second non-orthogonal grid. It was created with an orthogonal section, of
width 0.5k, embedded in the center of tube bundle region (at marker “B” in Figure 6.19) to

compare the velocity profiles in that region.
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Figure 7.1: Slug Flow with 45° Tilted Tube Bundle, 70x 10 Grids.
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Three grid resolutions were used: 70x10, 140%x20, and 210x30 to determine how grid
density affects the solution. The grids were chosen by defining a coarse grid and multiplying
the number of nodes in each direction by 2 and 3 to define the finer grids. For this work, a
particular solution is said to be grid independent if the change in a representative measure-
ment of the solution falls below a given criterion as the grid is refined by the steps indicated
above. The non-dimensional pressure drop was chosen as an overall measurement and the

velocity ranges at cross-section “C” were used as a local measurement of the solution.

There are also three viscosity multiples: the effective viscosity is set to 25, 50 and 100
times the molecular viscosity. These viscosity multiples are used to verify the trends toward
grid independence for different models of turbulence effects. The p % 25 and p * 100 results

are presented here while the u * 50 results are found in Appendix C.1.

Streamline Plots

Figures 7.2 through 7.7 show plots of the streamlines for slug flow with a slanted tube
bundle. The stream function levels are chosen to illustrate the general flow patterns. The
streamlines are evenly spaced except for at the top and bottom boundaries. In those areas
more streamlines are shown to resolve flow details. A zero stream function level is used to

mark the edge of a recirculation zone if one exists.

The first set of results for a 70x 10 grid and a viscosity multiple of u % 25 are shown in
Figure 7.2. The streamlines show that, at this grid density, there can be a large difference
in the flow solution depending on which type of grid is used. The streamlines, in all three
cases, are similar through the tube bundle but differ at the trailing edge. There exists a
recirculation zone after the trailing edge of the tube bundle because flow is diverted upward
to exit the tube bundle in the shortest possible path. The orthogonal grid solution, with
the same properties, shows a much smaller recirculation zone than solutions on the non-

orthogonal grids. This difference is caused by the edge effects at the 45° diagonal in the



(a) Orthogonal Grid, o.

(¢) Non-orthogonal Grid, n2.

Figure 7.2: Slug Flow Streamlines: 70x10 Grid, p * 25.
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non-orthogonal grid. A discontinuity of the streamlines at the trailing edge can be seen in
Figures 7.2(b) and 7.2(c). The extra diversion of flow upward causes a larger recirculation
zone (flow separation) that takes longer to close. There will be more discussion of the porous

region edge effects and the PWIM shortly.

The outlet is forced to be fully-developed by the outlet boundary conditions. Figure 7.2
indicates that the streamlines are not evenly spaced like at the inlet, but are compressed
towards the top of the domain. Later the velocity profiles will show more clearly that the flow

does not return completely to a uniform profile at the exit for the p * 25 viscosity multiple.

The second set of results, shown in Figure 7.3, has the same conditions as in Figure 7.2,
but double the grid density, 140x20. Smaller recirculation zones and smoother streamlines
are seen in Figure 7.3 as compared to Figure 7.2. The discontinuity at the trailing edge of
the tube bundle is still there, but it is smaller than the coarser grid. The orthogonal grid
shows almost no change from the coarser grid, while the results on the two non-orthogonal

grids show a dramatically reduced recirculation zone.

The third set of streamlines, shown in Figure 7.4, has the same conditions as in Figure 7.2,
but triple the grid density, 210x30. These results have smaller recirculation zones than either
Figure 7.2 or Figure 7.3. Note that while the orthogonal grid streamlines have not changed
very much from the 70x10 grid results, the two non-orthogonal grid results have changed

markedly to become much closer to the orthogonal grid.

The fourth set of streamlines are for the 70x10 grid, but with g * 100, are shown in
Figure 7.5. The streamlines appear very similar for each grid. The discontinuity at the
trailing edge of the tube bundle is still visible although not as pronounced as with the lower

viscosity multiples and there is no recirculation zone.

The fifth set of streamlines, shown in Figure 7.6, has the same effective viscosity as in
Figure 7.5, but are the results for the 140x20 Grid. These results have no recirculation zone

and all three grids produce qualitatively the same results. Very little change can be seen



(a) Orthogonal Grid, o.

(¢) Non-orthogonal Grid, n2.

Figure 7.3: Slug Flow Streamlines: 140x20 Grid, p * 25.
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(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, n1.

(¢) Non-orthogonal Grid, n2.

Figure 7.4: Slug Flow Streamlines: 210x30 Grid, p x 25.
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(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, nl.

(¢) Non-orthogonal Grid, n2.

Figure 7.5: Slug Flow Streamlines: 70x 10 Grid, u * 100.
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(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, nl.

(¢) Non-orthogonal Grid, n2.

Figure 7.6: Slug Flow Streamlines: 140x20 Grid, p = 100.
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from the coarser grid results for the same viscosity multiple (Figure 7.5).

The sixth set of streamlines, shown in Figure 7.7, has the same effective viscosity as in
Figure 7.5, but are the results for the 210x30 Grid. These results have no recirculation zone

and are very similar to their counter parts for the lower grid density (140x20).

Velocity Profile Plots

The velocity profiles, Figures 7.8 through 7.13, show the U component of velocity normalized
by the inlet velocity. The y axis is the vertical distance across the domain normalized by
the grid height. The three profiles are taken at © = 2.25h, z = 5h, and z = 10h. These
positions are indicated in Figure 6.19 by the markers “B”, “C”, and “D”, respectively. For
each profile location there are three grids indicated as “0”, “n1”, and “n2” for the orthogonal,

non-orthogonal, and composite non-orthogonal grids, respectively, as shown in Figure 7.1.

Figure 7.8 shows the profiles for the coarsest (70x10) grid and the lowest viscosity mul-
tiple, p % 25. The cross-section velocity profile, at marker “B”, appears like a normal slug
flow. Even though the flow has been diverted towards the bottom of the domain by the tube
bundle entrance, the flow has come back to normal by the middle of the tube bundle. The
increased velocity is because of the reduced flow area from the porosity approximation to

the tube bundle, 1/€ = 1.35.

The cross-section at marker “C”, is just after the tube bundle and therefore shows the
recirculation zone for the non-orthogonal grids. Figure 7.8 shows that the non-orthogonal
grids have a higher velocity than the orthogonal solution near the top of the domain and
a larger negative velocity at the bottom. The U velocity profile at marker “C” on the
orthogonal grid at the boftom boundary is very close to zero and at about 2.36 [m/s] at the
top boundary. The second non-orthogonal grid, “n2”, has a velocity range of —0.19 [m/s] at
the bottom to 2.74 [m/s] at the top. This represents a 24% larger range of velocities than

the orthogonal grid results. In all cases the “n2” grid had a slightly smaller range than the



(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, nl.

(¢) Non-orthogonal Grid, n2.

Figure 7.7: Slug Flow Streamlines: 210x30 Grid, x % 100.
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Figure 7.8: Slug Flow Normalized U Velocity Profiles: 70x10 Grid, p * 25.
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“n1” grid. The only difference between the “n1” and “n2” grid is that the “n2" grid has the
small orthogonal section in the middle of the tube bundle, at y = 2.25h. Therefore, only the

“n2” grid profiles are presented here in comparison with the orthogonal grid results.

The cross-section velocity profiles at marker “D” | at the end of the domain, show that the
flow has not recovered the expected uniform profile. The velocity profile on the orthogonal
grid varies from about 0.71 [m/s] at the bottom to about 1.30 [m/s] at the top which is a

range of 0.59 [m/s].

Figure 7.9 shows the profiles for the middle grid density, 140x20, and the same effective
viscosity as in Figure 7.8. The velocity profile at “C” on the orthogonal grid now ranges from
very close to zero at the bottom to 2.33 [m/s] at the top. This represents a 1.3% decrease
in range from the lowest grid resolution of Figure 7.8. This shows that the doubling of grid

resolution had a very small effect on the orthogonal grid.

The second non-orthogonal grid, “n2”, has a velocity ranging from —0.05 [m/s] at the
bottom to 2.44 [m/s] at the top. This represents a 6.9% larger range of velocities than
the orthogonal grid results, and a 15% decrease in range of velocities from the coarser non-
orthogonal grid. This shows that the doubling of the non-orthogonal grid resolution had a

large effect, bringing its results much closer to that of the orthogonal grid.

The velocity profile at “D” has not recovered the expected uniform profile, its range is
very similar to the coarser grid. The velocity profile for the orthogonal grid varies from about
0.73 [m/s] at the bottom to about 1.28 [m/s] at the top which is a range of 0.55 [m/s]. In
each cross-section the velocity profiles for the non-orthogonal grid have come closer to the

orthogonal grid results with the increase in grid resolution.

Figure 7.10 shows the profiles for the fine grid, 210x30, and the same effective viscosity
as in Figure 7.8. The velocity profile at “C” on the orthogonal grid now ranges from very
close to zero at the bottom to 2.32[m/s| at the top. This represents a 0.4% decrease in range

from the middle grid resolution of Figure 7.9.
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Figure 7.9: Slug Flow Normalized U Velocity Profiles: 140x20 Grid, 1 * 25,
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"The second non-orthogonal grid, “n2”, has a velocity ranging from —0.02 [m/s] at the
bottom to 2.36 [m/s] at the top. This represents a 2.6% larger range of velocities than
the orthogonal grid results, and a 4.4% decrease in range of velocities from the 140x20
non-orthogonal grid. These results show that, while the non-orthogonal results are much
closer to that of the orthogonal grid, the non-orthogonal grid results may still not meet the
grid independence criterion for this viscosity multiple, even when using triple the resolution,

210x30.

The velocity profile at “D” cross-section has not recovered the expected uniform profile,
but its range is very similar to the coarsest grid. The orthogonal grid profile varies from

about 0.73 [m/s] at the bottom to about 1.27 [m/s] at the top.

In order to confirm the trends that were indicated for p * 25 as the grid resolution was

increased, a second set of results for the viscosity multiple x % 100 is discussed next.

Figure 7.11 shows the profiles for the coarsest (70x10) grid and the third viscosity multi-
ple, 1% 100. The velocity profile at the marker “B” appears uniform, but the velocity profile
at “C” now ranges from 0.64 [m/s] at the bottom to 1.37 [m/ s] at the top. The results on
the second non-orthogonal grid, “n2” show a velocity range of 0.62 [m/s] at the bottom to
1.39 [m/s] at the top. This represents a 5.5% larger range of velocities than the orthogonal
grid results. In addition, the velocity profile at “D” has become closer to uniform than
the results of the lower viscosity multiple. In each cross-section velocity profiles using the
non-orthogonal grid have come very close to velocity profiles using the orthogonal grid with

the increase in viscosity multiple to 1 % 100.

Figure 7.12 shows the profiles for the 140x20 grid and the same viscosity multiple as
Figure 7.11. The velocity profile at “C” on the orthogonal grid now ranges from 0.65 [m/s]
at the bottom to 1.36 [m/s] at the top. This represents a 2.7% decrease in range from the
lower grid resolution. The second non-orthogonal grid, 'n2’, has a velocity ranging from

0.65[m/s] at the bottom to 1.36 [m/s] at the top. This result matches the range of velocities
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Figure 7.11: Slug Flow Normalized U Velocity Profiles: 70x10 Grid, p * 100.
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for the orthogonal grid results and a 7.8% decrease in range from the coarser grid. The

velocity profile at “D” cross-section has recovered the expected uniform profile.

Figure 7.13 shows the profiles for the 210x30 grid and the same viscosity multiple as
Figure 7.11. The velocity profile at “C” on the orthogonal grid now ranges from 0.65 [m/s]
at the bottom to 1.35 [m/s] at the top. This represents a 1.4% decrease in range from the

lower grid resolution.

The second non-orthogonal grid, “n2”, has a velocity ranging from 0.65 [m/s] at the
bottom to 1.35 [m/s] at the top. This matches the range of velocities for the orthogonal
grid results and a 1.4% decrease in range from the coarser grid. The velocity profile at “D”

cross-section has recovered the expected uniform profile.

To summarize the results for the three grid resolutions and the three viscosity multiples,
the ranges and percentage changes are presented in Tables 7.1 and 7.2. The column labeled
“% change” indicates percentage change of the velocity range values from the previous coarser
grid. The velocity ranges on the orthogonal grid, detailed in Table 7.1, change very little
with increase of grid resolution for all three viscosity multiples. If one were to use grid
independence criteria of change to 3%, then the 70x 10 grid might be called grid independent
for the results of the y % 25 test. The higher viscosity multiples show a greater amount of

change, and therefore, may be called grid independent at the 140x20 resolution.

Lk 25 1% 50 w100
Grid Velocity % Velocity % Velocity %
Range, [n1/s] Change | Range, in/s] Change | Range, [m/s] Change
70x10 2.356 - 1.492 - 0.728 -
140x20 2.324 -1.4 1.451 -2.7 0.709 -2.7
210x30 2.315 -0.4 1.441 -0.7 0.703 -0.8

Table 7.1: Slug Flow Velocity Ranges at Profile “C” on the Orthogonal Grid, “o”.
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The velocity ranges on the non-orthogonal grid, detailed in Table 7.2, change dramati-
cally with increase of grid resolution for all three viscosity multiples. Even the finest non-
orthogonal grid, 210x30, has changed above the chosen 3% criterion for the - 25 case.
The p + 100 case had the least change as the grid was refined and the 210x30 produces

grid-independent results.

L% 25 x50 L% 100
Grid Velocity % Velocity % Velocity %
Range, [m/s] Change | Range, [m/s] Change | Range, [m/s] Change
70x10 2.930 - 1.792 - 0.772 -
140%x20 2.488 -15 1.500 -16 0.708 -8.3
210x30 2.382 -4.3 1.457 -2.9 0.701 -1.0

Table 7.2: Slug Flow Velocity Ranges at Profile “C” on the Non-Orthogonal Grid, “n2”.

Therefore, while the orthogonal grid may produce grid independent results at 70x10 the
non-orthogonal grid needs more refinement, beyond 210x30, to produce the same results
at the low viscosity multiples. At higher effective viscosities the trend is the same, but the
orthogonal grid results may become grid independent at 140x20 while the non-orthogonal
grid results may be grid independent at 210x30. Because the results for the 210x30 non-
orthogonal grid are closer to the results for the orthogonal grid than those for the coarse
non-orthogonal grid, greater confidence may be placed in the orthogonal grid results for this

tube bundle configuration.

These velocity profile comparisons indicate that the orthogonal grid produced grid inde-
pendent results with much lower grid densities than the non-orthogonal grid for this particu-
lar flow. The viscosity level had some effect on the results, but did not change the conclusion.
Increasing the viscosity multiple caused the orthogonal coarse grid results to be further away
from the fine grid solution, while the non-orthogonal coarse grid results became closer to its

fine grid solution with increase of viscosity multiple.
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Non-Dimensional Pressure Drop

As an overall measure of a solution, a non-dimensional pressure drop (C’;) is defined as:

(ﬁin - ﬁou,t)
Cr = ——< (7.1)
? PVin
2
Where p is the average pressure at a domain boundary (either inlet or outlet). Tables 7.3,
7.4 and 7.5 list the non-dimensional pressure drop results for the orthogonal, non-orthogonal

and composite non-orthogonal grids respectively. The percentages beside each value indicate

the amount of change from the previous coarser grid.

L% 25 L% 50 % 100
Grid C, % O % C, %
70x10 | 475.12 - 476.75 - 480.55 -

140x20 | 476.56 +0.30 | 478.21 +0.31 | 481.59 +0.22
210x30 | 476.82 +40.06 | 478.36 +0.03 | 481.60 +0.00

Table 7.3: Slug Flow Non-Dimensional Pressure Drop: Orthogonal Grid “o”.

L% 25 1% 50 w100
Grid Cy % O % Cy %
70x10 | 458.75 - 461.42 - 467.22 -

140x20 | 471.20 +2.7| 473.46 +2.6| 477.63 +2.2
210x30 | 474.06 +0.6| 47594 +0.5| 479.55 0.4

Table 7.4: Slug Flow Non-Dimensional Pressure Drop: Non-Orthogonal Grid “n1”.

These three tables of Cj; values confirm that the orthogonal grid results could be consid-
ered grid independent at the 70x10 resolution, while the non-orthogonal grids, both “n1”
and “n2”, results would need at least a 210x30 grid to obtain changes less than 1% from

the coarser grid.
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Wk 25 % 50 1% 100
Grid Cy % Cy % Cy %
70x10 | 465.52 - 467.71 - 472.47 -

140%x20 | 47293 +1.6| 47493 +1.5| 478.66 1.3
210x30 | 47481 +0.4 | 476.51 -40.3| 479.91 +0.3

Table 7.5: Slug Flow Non-Dimensional Pressure Drop: Non-Orthogonal Grid “n2”.
The Tube Bundle Edge Effects

Figures 7.14 through 7.16 show a detailed view of the tube bundle exit boundary on a 70x 10
grid using the lowest viscosity multiple, p* 25. The velocity vectors cross the streamlines in
both the non-orthogonal grids in Figures 7.14 and 7.15, but for the orthogonal grid results

shown in Figure 7.16, the vectors are parallel to the streamlines, as expected.

Since the streamlines are based on face velocities, the conflict seen in the results on the
non-orthogonal grids is actually between face and nodal velocities. There are sharp pressure
changes at the trailing edge of the tube bundle, where the flow goes from porous region to the
free-fluid region. The pressure changes cause the PWIM to give non-physical face velocities,
inconsistent with nodal velocities. An example of non-physical face velocities might be the
following: two nodal U velocities in adjacent control volumes equal 1 [m/s] and the U face
velocity between them is 1.1 [m/s]. Miller and Schmidt [23] also refer to this problem with
the PWIM in areas of rapidly changing pressure gradients. This occurs to a greater extent
when the grid lines lie exactly on the tube bundle boundary, the percentage of the control
volume filled with tubes changes from 100% to 0% from one control volume to the next. On
the other hand, the orthogonal grid aliasing of the tube bundle boundary has a 50% step
because the physical boundary is defined across the control volume diagonal. This extra step
turns out to be an advantage since the shock of the tube bundle edge effect is diminished,

and the pressure can change more smoothly.
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Figure 7.14: Slug Flow Velocity Vector and Streamline Detail on the Trailing Edge of the
Tube Bundle, “nl1” Grid.
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Figure 7.15: Slug Flow Velocity Vector and Streamline Detail on the Trailing Edge of the

Tube Bundle, “n2” Grid.
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Figure 7.16: Slug Flow Velocity Vector and Streamline Detail on the Trailing Edge of the
Tube Bundle, “o” Grid.
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Pressure Drop through the Tube Bundle

Figure 7.17 shows the pressure drop along the horizontal centerline for the 70x 10 set of grids
for u* 25. At the elevation of y = 0.5k the line enters the tube bundle at z : 1.0~ and
exits at = 3.5h. Considering how different the streamlines look for these three cases in
Figure 7.2, the pressure levels look almost identical because the profile does not go through
the recirculation zone. It is interesting to note that while the slope of the line is almost the
same for all three grids, the overall pressure drop is slightly different. The orthogonal grid
has a higher pressure drop than the non-orthogonal grids, with the composite grid, “n2”, in
the middle and the ordinary non-orthogonal grid, “n1”, at the bottom. The edge effects are
not as visible in these pressure profiles as in Section 6.3.2 because the tube bundle boundary
is diagonal to the profile line. Also, the grid is quite coarse, therefore the peak pressures are

not resolved.

The numerical value of pressure drop for the present results is less than 3% greater
than the value given by the Butterworth correlation. This is a reasonable comparison even
though the pressure profile is not perpendicular to the tube bundle boundaries and the flow

is two-dimensional.

To help visualize the two-dimensional aspects of the pressure field, Figure 7.18 shows
pressure contours for the first half of the domain for each of the three coarsest grids. Table 7.6
lists the labeled pressure values used in Figure 7.18 for comparison of the relative pressure

levels.

Isobars are evenly spaced as follows: seven between “a”, and “c”, and seventeen between
“d” and “f”. In Figure 7.18(b) there arc six isobars at increments of 1.0x10~* [N/m?] above
[2900)

g". In Figure 7.18(c) there are five isobars at increments of 1.0 x 10~* [N/m?] above “h”.

In Figure 7.18(a) there are five isobars at increments of 1.0x 10™* [N/m?] above “i”.

The isobars labeled “b” on the plot of the orthogonal grid results and “a” in the non-

orthogonal grids’ results indicate that the pressure falls below a certain level then rises again.
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Figure 7.17: Slug Flow Pressure Drop along the Horizontal Centerline.
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(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, nl.

(¢) Non-orthogonal Grid, n2.

Figure 7.18: Slug Flow Pressure Contours: 70x10 Grid, pu * 25.
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Label Pressure [N/m?] | Label Pressure [N/m?]
a —3.0x107* f 4.9% 1072
b ~2.0x1074 g 4.84x 1072
¢ 0 h 4.93x1072
d 1.0x10™3 i 5.01x 1072
e 4.6x1072

Table 7.6: Slug Flow Pressure Labels for Figure 7.18.

The size of these pockets of low pressure is comparable with the size of control volumes in
this area, as seen in Figure 7.1. The folding of the isobars around these low pressure areas
indicate that the change of sign of the pressure gradient occurs within the space of one or
two control volume widths. The effect is most clearly shown on the non-orthogonal grids in
Figures 7.18(b) and 7.18(c). The orthogonal grid isobars are more loosely folded, therefore
the pressure change is smoother than for the non-orthogonal grids’ results. At the leading
edge of the tube bundle there is a slight folding of the isobars, but not as much as at the

trailing edge.

An Examination of Velocity Profiles at Section “B”

Figures 7.19 through 7.21 show a fine scale view of just the velocity profiles through the
center of the tube bundle, at cross-section “B”. The left part is a replot of curves found in
previous graphs. The right part of each of the graphs is a close up view of the same curves.
On a much finer scale, the curves no longer appear as straight lines. The first non-orthogonal,
“nl”, grid appears to give a jagged velocity curve that appears to show less mass flux than
for either the “o” or “n2” grids, both of which have orthogonal sections around cross-section
“B”. Firstly, the jagged profile is a result of interpolations made to obtain a velocity value
along the desired line. On a global scale this works fine but very small errors arise locally.

Secondly, the appearance of improper global mass flow through the control volumes along
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Figure 7.19: Slug flow Normalized U Velocity Profiles at marker “B”: 70x 10, p * 25.



CHAPTER 7. RESULTS AND DISCUSSION 159

this cross-section is a result of plotting only one component of velocity on a non-orthogonal
grid. Even though the same amount of mass enters each test grid, the U velocity profile in
the orthogonal grid solution shows a larger flow west to east than that of the non-orthogonal,
“nl”, grid. The “n2” grid, the one with the orthogonal section around this profile, seems to
show the same mass but in different locations along the vertical line. This difference exists
because this is a graph of the coarsest grid resolution and the flows have been proven to be

quite different.

Figure 7.20 is a plot of the same values as in Figure 7.19, only with the highest viscosity
multiple. There is a slight smoothing of the flow and some converging of the profiles but

increasing viscosity alone does not eliminate the differences.

When the grid is refined to 210x30, the differences in velocity profiles become extremely
small, even on the fine scale in Figure 7.21. Note that the velocity profile for the orthogonal
grid has changed very little when compared to the same profile in Figure 7.19. However,
both non-orthogonal grid velocity profiles have become much closer to the orthogonal grid
results. This observation agrees with the previous discussion involving the velocity profiles

at other locations in the flow.

A further explanation of the reason the non-orthogonal grid cannot give all the informa-
tion in one velocity component is illustrated in Figure 7.22. An arbitrary control volume
is shown that is not aligned with the Cartesian vertical dashed line along which a velocity
profile is desired. In the non-orthogonal grid, the V face velocities are carrying some mass
in the Cartesian x direction by virtue of carrying mass in and out of a control volume that
straddles the proposed vertical line. Since only nodal velocities are considered, when plotting
a velocity profile on a vertical line, only the U component of velocity can carry mass across
the vertical plane. For example, consider the case when the west face U velocity, U, the
nodal U velocity, Up, and the east face U velocity, U,, are all the same magnitude. The

face velocity, U, carries the same mass as Up and U, because they act over the same area,
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Figure 7.20: Slug flow Normalized U Velocity Profiles at marker “B”: 70x10, u * 100.
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Figure 7.21: Slug flow Normalized U Velocity Profiles at marker “B”: 210x30, y * 25.

“B”. However, the south face V velocity, V;, brings some mass into a control volume and the
west face V' velocity, V,,, takes some mass out of a control volume over the area “A”. If V; is
greater than the V,,, there is mass brought into the control volume that must exit either the
north or east face of the control volume and therefore cross the vertical plane without being
counted in the U velocity component. Therefore the U velocity profile would not show all

the mass that is flowing west to east.

In the orthogonal grid, the V' velocities cannot carry any mass left to right because all the
control volume boundaries are aligned with the Cartesian directions. The U nodal velocitics
arc consistent with the U face velocities, and V' face velocities only carry mass in or out
the south and north faces. Therefore, on a vertical profile all the mass is accounted for by

looking at only the nodal U velocity.

A way to alleviate this problem is to compare U velocity profiles in areas where the V

face velocities are uniform or very small in relation to the U velocities. The finer the control
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volume density the more likely the V face velocities will be similar and the better the U
velocity profile will conserve mass. Another option is to compare U velocity profiles in areas
where the grid is Cartesian, and this is the reason for the orthogonal section in the middle

of the tube bundle for grid “n2”.

7.2 The Rotated Square Tube Bundle Test Problem.

The process of developing a test problem that would exercise most of the capabilities of the
present code was long and difficult. Many different grids and blockage configurations were
attempted and revised because of problems of convergence, undesirable flow characteristics
(recirculation zones at the exit, recirculation in tube bundle, too little low in tube bundle,
too much flow bypassing around the tube bundle, or too high pressure drops). The goal was
to produce a simplified hypothetical heat exchanger model that could be used to perform a
comparison of the use of orthogonal and non-orthogonal grids. In this comparison, the non-
orthogonal grid matches the complex internal structure (tube bundle shape, sealing strips
and baffles), while the orthogonal grid approximates them. This comparison was expected
to illustrate the generality of the algorithm and to produce useful new information related

to modeling complex heat exchanger flows.
The criteria that were applied in designing the test problem were:

e Use a diamond shape (a square rotated 45°) to maximize the orthogonal grid aliasing.

The peaks of the diamond were subsequently flattened to reduce convergence problems.

e Use a square shell and square sealing strips to make easy comparison between the or-
thogonal and non-orthogonal grids and to enable the external boundaries to be matched

exactly with both styles of grids.

o Use sealing strips and blockages to direct flow only, not to block off large areas of the

grid.
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e Use a structured grid to enable the use of standard iterative solvers.

e Do not allow a short circuit in the flow (i.e. ensure a large percentage of the flow goes

through the main part of the tube bundle).
e Do not use access lanes in the tube bundle, in order to keep it simple.

e Avoid flow separation from the wall at exit. A recirculation zone that crosses a fully-

developed boundary cannot be permitted.

The problem definition that was finally derived, was called the Rotated Square Tube
Bundle (RSTB) test problem, and is shown in Figure 7.23. The inlet region, at the top left,
is 0.45 [m] wide and the exit, at the top right, is 0.25 [m] wide. The flow enters the inlet as a
uniform profile, V;, = —1.86 [m/s], and leaves the exit fully-developed, % =0and U =0.
The fluid density is 0.995 [kg/m?] and the molecular viscosity is 2.082x1075 [N - s/m?]. The
Reynolds number based on inlet width is 40,000. All the rest of the walls and blockages are
solid with zero slip boundary conditions. Wall functions and viscosity multiples were used
to model turbulent flow. In the case of the non-orthogonal grid, because the wall functions
were developed for only horizontal or vertical surfaces, the shear force on the slanted tip of
the baflle was approximated by using wall functions on only the U velocity component. The
light-shaded area is the tube bundle region, which has an area of 0.49 [m?]. The dark-shaded

areas are blockages, sealing strips and the baffle near the exit.

The comparison between orthogonal and non-orthogonal grids requires that there be as
exact a correspondence between the two types of grids as possible. Therefore, the dimensions
of the heat exchanger were chosen to match a Cartesian grid and the non-orthogonal grid

was then made to match the interior details.

The exterior boundaries remain Cartesian so the orthogonal grid is casy to gencrate, as
shown in Figure 7.24(a) for the 30x20 resolution. This grid is made of three panels. The

first panel is a 2020 uniform orthogonal grid that defines the sealing strip locations and the
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Figure 7.23: Rotated Square Tube Bundle (RSTB) Test Problem Definition.
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tube bundle area. The tube bundle boundary was defined diagonally from corner to corner

across each control volume so half the control volume contained free fluid and half contained

tubes. The defined tube bundle boundary is approximated in a stepwise fashion (aliased) as

is the bottom of the baffle that defines a channel for the exit region. Those control volumes

that lie completely inside the defined tube bundle region have the porosity of €, = 0.742,

but those that lie on the boundary have the porosity of € = 0.871 (for a 50% tube-filled

control volume). The result is a two-step process as the flow goes from a control volume of

free fluid, to half tube-filled, to completely tube-filled.

The second panel of the orthogonal grid is a 3x20 grid with the same control volume

spacing as the first panel and attached to the right side of the first panel. This second panel
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defines the width of the exit baffle. The third panel is a 7x20 uniform grid with the same
control volume spacing in the y direction but narrower control volumes in the z direction.

This panel defines the width of the exit.

The 30x20 non-orthogonal grid is shown in Figure 7.24(b). This grid is made of 35 panels
each having uniformly-spaced control volumes. The panel boundaries are not Cartesian and
the grid is constrained to be structured so the control volumes must change in size as the
panel width or height changes. Each panel is defined from the vertex locations that were
fixed using the 30x20 orthogonal grid. The result is that the grid lines now match the defined
tube bundle boundary exactly, so the flow goes from 100% free fluid to 100% porous region as
it enters the tube bundle region. The grid lines also match the blockage boundaries exactly.
The general guideline of a minimum of four control volumes between solid boundaries was

used in choosing the number of control volumes in each panel.

There is no unique grid distribution, either orthogonal or non-orthogonal, that would
match the given problem as defined. Grid refinement was achieved by placing a larger
number of uniformly-spaced control volumes in each panel. The number of control volumes
was increased by the same factor in each panel. The importance of uniform spacing of
control volumes in each panel reduces as the grid refinement increases because more control
volumes are placed relatively evenly throughout the domain. Furthermore, the areas that
would benefit more from finer grid resolution are given more control volumes at the same

rate as other areas of the flow.

From the experience of developing grids for problems that include tube bundles, certain
areas have been found to need at least a minimum number of control volumes. One example
is the edge of a tube bundle that is not aliased (there is a single step between free-fluid
and porous regions). The edge causes localized pressure fluctuations that take four or five
control volumes to decay. If other obstructions, edges, or changes occur in that region then

convergence difficulties may occur. Increasing the viscosity dampens out these disturbances
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faster. Increasing the control volume density at the tube bundle boundary makes the edge
effect more localized and increases overall stability even if the converged solution is different
from that for the orthogonal grid. This edge effect has been shown in Sections 6.3.2 and
7.1.1 and its effect in this problem is that the solution on the 30x20 non-orthogonal grid
would not converge for the lowest viscosity multiple, but it would converge if the grid was
refined to 45x30. The trailing edge of the tube bundle, the side closest to the line label
“C” in Figure 7.23, is where the convergence difficulties are most evident because the grid is
quite coarse and it has large aspect ratios in that region. Refining the grid puts more control
volumes in this area and convergence progresses smoothly. The refinement is shown in the
orthogonal and non-orthogonal 60x40 grids in Figure 7.25. Therefore, another guideline is

that there be at least four control volumes between two edges of a tube bundle.

One must balance detailed results with reasonable computer run time. There is a point
at which further refining the grid will not improve the results to a degree that is worth
the longer run time. There are many possible choices of values to use for measuring grid
independence. The non-dimensional pressure drop was used as a global measurement and
peaks in velocity profiles were used as local measurements of the flow. The velocity peaks
that were used were selected from velocity profiles along dashed lines labeled “A” (vertical
centerline), “B” (horizontal centerline), and “C” (exit lane) in Figure 7.23. For this work, a
particular solution is said to be grid independent if the change with refinement of a a chosen
indicator falls below a given criterion. In order to determine the effect of grid refinement, the
orthogonal and non-orthogonal solutions will be compared on four grid resolutions: 30x20,
60x40, 90x60, and 120x80. Beyond this amount of grid refinement the amount of CPU time
required would became quite large, so a 150x100 case was not attempted. Three effective
viscosity multiples: 25, 50 and 100, are used to examine the effect of the simple turbulence
model and to test the trend toward grid independence over different turbulence levels. Only

selected results are presented in this section, other results are contained in Appendix C.2.

The streamline plot of the results on the coarse grid, 60x40, and smallest viscosity
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Figure 7.25: RSTB Test Problem 60x40 Grids.



CHAPTER 7. RESULTS AND DISCUSSION 170

multiple, u % 25, is shown in Figure 7.26. Each of the recirculation zones, on both the
orthogonal and non-orthogonal grids, is associated with a blockage, sealing strip, or a 90°
change in flow direction. The one obvious difference between the two grid results is the
recirculation zone in the upper right corner, just to the left of the baffle. The streamlines
for the orthogonal grid indicate a much larger and stronger recirculation than those for
the non-orthogonal grid. However, the streamlines for the non-orthogonal grid indicate a
stronger recirculation in the lower left corner than in the orthogonal grid. The locations of
these differences correspond to the areas where the non-orthogonal grid has greatest aspect
ratios and the flow is slow. Where the flow is strong and aligned with the grid, the high
aspect ratios do not seem to affect the results to a great extent. In certain locations the
non-orthogonal grid is more refined than the orthogonal grid and in other locations it is more
coarse. The difference in local refinement of these coarse grids used for the results shown in

Figure 7.26 has a significant effect on the converged solution.

It is important to note that the recirculation zone at the lower end of the exit baffle is
very small. In previous iterations on this test problem, when this baffle was narrower and
had a square end, this recirculation zone was on the right side of the baffle and extended
out the exit boundary. This long recirculation zone was caused by forcing the flow to bend
around a very sharp peak at high velocities. In this test, the blockage is wide and has a
smoother profile to allow the flow to bend gradually thus preventing a sharp change in flow

direction close to the exit.

There are some streamline discontinuities seen in Figure 7.26(b). These discontinuities
arise for the reasons described in Section 7.1.1, but are weaker in this case. There are fewer
discontinuities in this case because in the areas where the velocity is high, the flow is already
traveling perpendicular to the tube bundle boundary. Therefore, the nodal and face velocities
agree well. Overall, there scems to be little problem with the tube bundle boundary at the
60x40 grid resolution and higher, whereas, the coarser 30x20 grid had much more difficulty

in obtaining a converged solution.
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Figure 7.26: RSTB Test Problem Streamlines: 60x40 Grid, u * 25.
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Figure 7.27 shows the streamline plots of the results on the finest grid, 120x80, and for
the same viscosity multiple (u = 25) as Figure 7.26. The streamlines are smoother because
of the finer grid. The streamlines for the orthogonal grid show that the solution-predicts a
larger recirculation zone in the upper right than that for the non-orthogonal grid. In this
case there is a less dramatic difference between the streamline plots for the two grid types
than for the coarser grids. The recirculation zone at the bottom of the exit baffle is slightly
larger in the orthogonal grid streamline plot than for the non-orthogonal, while both fine
grid results predict a larger recirculation than that for the coarser grids. The remainder of
the recirculation zones are qualitatively the same for both grids, confirming the trend that

as the grids are refined the results from each become more similar.

The streamline plot of the results for the highest viscosity multiple, zx 100, on the coarse
grid, is shown in Figure 7.28. Some of the recirculation zones that were seen with the lower
viscosity test do not exist for this viscosity multiple. The two recirculation zones in the lower
left corner of the orthogonal grid are comparable in size to the recirculation zone in the non-
orthogonal grid, which is quite narrow. The remainder of flow pattern is qualitatively the

same on both types of grids.

Figure 7.29 shows the streamline plots of the results on the finest grid, 120x80, and for the
same viscosity multiple (z*100) as Figure 7.28. There is very little difference between these
two results except that the orthogonal grid streamlines show a slightly stronger recirculation
at the bottom of the exit baffle than for the non-orthogonal grid. The recirculation zones in
the lower left corner have become two distinct zones rather than one large recirculation as

seen on the coarser non-orthogonal grid.

The pressure field is interesting to study because it indirectly affects the streamlines.
Because of the PWIM, the face velocities are based on interpolations between nodal velocities
that are weighted by the pressure gradients. The face velocities, which must conserve mass,

are used to calculate the stream function. The pressure reference is set to zero at the right
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Figure 7.27: RSTB Test Problem Streamlines: 120x80 Grid, u * 25.
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Figure 7.29: RSTB Test Problem Streamlines: 120x80 Grid, p * 100.
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side of the exit, in the upper right control volume next to the top boundary. In the pressure
contours discussed below, the pressure contours are set at the following levels: there are 26
levels evenly spaced at an interval of 1 [N/m?] between 0 and 25 [N/m?|. There are also five
negative pressure contours between —0.1 [N/m?] and —2 [N/m?] that are used to highlight
the small areas where the pressure is below the reference value. Those areas are referred to

as the “negative” pressure areas in the discussion below.

The pressure contours for the low viscosity multiple on the coarse grid are shown in
Figure 7.30. The negative pressure areas are at the bottom and to the right of the exit
baffle, which corresponds to a recirculation zone. The results on the orthogonal grid have all
positive pressures at the exit boundary while the results for the non-orthogonal grid have half
of its exit region in negative pressure. All around tube bundle boundary the results for the
orthogonal grid show smoother isobars than the non-orthogonal grid. The non-orthogonal

grid isobars have a sharp fold characteristic which causes non-physical face velocities.

The pressure contour plots for the low viscosity multiple on the finest grids are shown in
Figure 7.31. In both these fine grids the pressure contours are more refined than the coarse
grids of Figure 7.30. The areas of negative pressure are now almost identically defined by both
the orthogonal and non-orthogonal grid solutions. With the 120x80 grid even the orthogonal
grid isobars have sharp folds along the tube bundle boundary, but the non-orthogonal grid

isobars are still larger and sharper.

The pressure contour plots for the high viscosity multiple on the coarse grid are shown
in Figure 7.32. The negative pressure region in the outflow channel is almost the same for
both orthogonal and non-orthogonal grids. Again, the isobar folds along the tube bundle

boundaries are smoother in the orthogonal grid than the non-orthogonal grid.

The pressure contour plots on the fine grids for the highest viscosity multiple are shown
in Figure 7.33. In those plots the negative pressure region in the outflow channel is almost

the same for both orthogonal and non-orthogonal grids. The negative pressure region at
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Figure 7.30: RSTB Test Problem Pressure Contours: 60x40 Grid, u % 25.
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(b) Non-Orthogonal Grid

Figure 7.31: RSTB Test Problem Pressure Contours: 120x80 Grid, p  25.
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Figure 7.32: RSTB Test Problem Pressure Contours: 60x40 Grid, u * 100.
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Figure 7.33: RSTB Test Problem Pressure Contours: 120x80 Grid, u * 100.
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the bottom of the blockage is larger in the orthogonal grid than the non-orthogonal grid.
This corresponds to the stronger recirculation for the orthogonal grid. The grid refinement is
responsible for the increase in sharpness of the isobar folds along the tube bundle boundaries.
The sudden changes in pressure are a result of the step from tube-filled to free-fluid regions.
The orthogonal grid isobars are smoother than those for the non-orthogonal grid even though

the porous region edge effect remains.

7.2.1 Grid Independence

There are no suitable experiments that may be used to quantitatively validate the results of
the flow calculations in this section. Therefore, one can only determine the point at which
a particular model reaches the grid independence criterion. This work seeks to compare the
two different grids on the basis of the amount of grid refinement necessary to produce results

that reach a grid independence criterion.

The grid resolution is used as a general measurement of computational effort. The coarser
grid and less complex method usually results in reasonable approximations with short solu-
tion time. The finer grid and more complex method takes more time but gives more detailed
results. There is a balance where further refining the grid will not produce more accurate
results that are worth the cost of longer run times. To determine at what resolution a par-
ticular kind of grid produces reasonably grid-independent results, a representative velocity

and overall non-dimensional pressure drop are used.

Table 7.7 lists the values of non-dimensional pressure drop, defined in Equation (7.1),
for each orthogonal grid resolution and each viscosity multiple. The same values for each
non-orthogonal grid are listed in Table 7.8. The percentages represent the amount of change

of each value from the previous coarser grid.

The tables of non-dimensional pressure drop show that the non-orthogonal grid overall

solution changes very little with increase in grid resolution while the orthogonal grid solution
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ok 25 x50 (% 100
Grid C, % C, % O %
30x20 15.04 - 15.03 - 15.00 -

60x40 1456  -3.2| 14,51 -3.5| 1445 -3.7
90x60 1434 -15| 1429 -15) 1424 -15
120x80 | 14.19 -1.0| 14.14 -1.0| 1410 -1.0

Table 7.7: RSTB Test Problem Non-Dimensional Pressure Drop: Orthogonal Grid.

%25 px 60 w*x 100
Grid C, % C, % G, %
30x20 N/A - 14.19 - 14.17 -
60x40 14.23 - 1421 +0.1| 1417 0.0

90x60 1415 -06| 14.11 -0.7 14.08 -0.6
120x80 | 14.07 -0.6| 14.03 -0.6 14.02  -0.4

Table 7.8: RSTB Test Problem Non-Dimensional Pressure Drop: Non-Orthogonal Grid.

has a larger change for the first doubling of grid resolution. Between the next three grid
resolutions the change becomes smaller. The orthogonal grid shows relatively greater change
than the non-orthogonal grid with increase in resolution because of the aliasing of the tube

bundle and the blockage.

Aliasing of the baffle presents a jagged surface over which the fluid must flow. This jagged
surface increases the pressure drop compared to a smoother surface modeled with the non-
orthogonal grid. With increasing grid resolution, the orthogonal grid aliasing of the blockage
becomes smoother and the pressure drop decreases, while flow on the non-orthogonal grid

remains the same in that area.

A similar argument may be made regarding the tube bundle boundary aliasing. Even

though the area of the tube bundle is the same for both grid types, the orthogonal grid will
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apply a small porosity to a control volume that is only partially inside the defined edge of the
tube bundle. This way the porous region appears larger than the actual tube bundle. As the
grid is more refined, the aliasing approximation becomes more accurate. The porous region
appears to shrink towards the actual tube bundle size as the resolution increases. However,
the tube bundle definition remains constant with the non-orthogonal grid. This change in
the numerical approximation of the tube bundle size is the second reason why the orthogonal

grid has a larger change in non-dimensional pressure drop than the non-orthogonal grid.

When using the lowest grid resolutions and lowest effective viscosities, the flow solution
becomes unstable on a non-orthogonal grid. For a 30x20 grid a converged solution was not
obtained for p%25. The higher effective viscosity results show that the 30x20 non-orthogonal
grid is too coarse to give an accurate solution because the C, does not change monotonically,
as seen in Table 7.8. The orthogonal grid solution is more robust at low grid resolutions
because the abrupt pressure change at the tube bundle boundaries is smoothed out by a

more gradual change of porosity.

If one were to set a grid independence criterion of 1% change in C,, then the non-
orthogonal grid reaches that criterion at much lower grid resolutions than the orthogonal
grid. The non-orthogonal grid can be considered grid-independent for this criterion at 60x40
while the orthogonal grid meets this criterion at 120x80. The orthogonal 120x80 grid gives
basically the same pressure drop results and takes about six times longer to solve than the

non-orthogonal 60x40 grid.

As an aside, it is noted that the non-dimensional pressure drop remains practically un-
changed as the effective viscosity increases. Two possible explanations for this behavior arise

from the use of wall functions and tube drag.

First, the increased viscosity would normally increase the shear stress in the fluid next
to solid objects. However, in the case of turbulent flow, wall functions were used that adjust

the viscosity in the first control volume next to a wall to allow a turbulent velocity profile
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to be modeled. This adjustment effectively reduces the amount of drag relative to keeping
the same viscosity and using the high velocity gradient that is characteristic of a turbulent

profile. This effect is approximately the same for flows with different effective viscosities.

Second, it is expected that the pressure drop in the tube bundle is dominated by the drag
terms in the governing equations. Those drag terms are calculated using molecular viscosity
which does not change. Furthermore, if the drag term dominates, then the diffusion terms
sensitive to effective viscosity are expected to be small in magnitude by comparison. Only
changes in free-fluid flow regions, where there is no tube drag, would cause a change in the
pressure drop due to mean flow shear. Therefore, the changes in pressure drop are small

because the overall flow patterns are relatively similar.

The local velocity profiles are another measure of grid independence because they show
the differences in specific areas of the flow in a way that can be easily compared. For the
purpose of finding grid-independent solutions for specific flow patterns one could look at the
results for o * 50 on all four grid solutions. The other velocity profiles at viscosity multiples

p* 25 and p % 100 are shown in Appendix C.2.

A cross-section at the vertical centerline (line “A” in Figure 7.23) is taken from the
bottom boundary inside the bottom sealing strip, y = 0, to the top of the sealing strip on
the top boundary, y = 1.0. The U component of velocity, crossing the vertical centerline, is
plotted in Figure 7.34 for the orthogonal grid at different densities. The graph shows two
peaks in the velocity near the sealing strips and a deep “trough” in the center. The peaks
indicate faster flow in areas of least flow resistance from the bundle, the narrow section of
tube bundle near each sealing strip. These high flow areas show greater changes for different
grid resolutions. The peak velocity is used as an indication of the differences between the
velocity solutions because the rest of the profile is very similar for each grid resolution. In
some cases the peak velocity does not change monotonically because of the rapid changes in

the velocities due to tube bundle edge effects. When two edges are separated by only two
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or three control volumes, as occurs with a very coarse grid, the velocity between them may

have wider variation than in the rest the field.

The upper peak in the 30x20 curve has much lower velocity than any of the finer resolu-
tions, and as the grid becomes more refined the differences get smaller. The coarse grid does
not happen to have a node at the highest flow location so the peak velocity is not always
represented properly. The lower peak, by contrast, shows a smaller amount of change than

the upper peak. Other than at the two peaks, the four curves appear very similar.

To quantify the change in the velocity profiles with grid resolution, the peak velocities
and the percentage changes are listed in Table 7.9. The change of peak U velocity as the
grid is refined is decreasing for the top peak but non-monotonic for the bottom peak. The

bottom peaks are so close to each other that the change there is not significant.

Lower Peak Upper Peak
Grid | Velocity % | Velocity %
30%x20 | 1.046 - 0.852 -
60x40 | 1.040 -06 | 0.895 +5.0
90x60 | 1.040 0.0 0.908 +1.5
120x80 | 1.055 414 0921 +14

Table 7.9: RSTB Test Problem Line “A” U Velocity Peaks: Orthogonal Grid, g * 50.

The U velocity profile along the vertical centerline of the non-orthogonal grid is shown in
Figure 7.35. The difference between this profile and the one in Figure 7.34 is that the lower

peak velocities are more spread out for the different grid resolutions.

The values of the peak U velocity for Figure 7.35 are listed in Table 7.10. The change
of peak U velocity as the grid is refined is decreasing steadily for the top peak. The bottom

peak is increasing in size at a variable rate, similar to the orthogonal grid results.

The V' component of velocity crossing the horizontal centerline is plotted in Figure 7.36
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Figure 7.35: RSTB Test Problem U Velocity Profiles at “A”: Non-Orthogonal Grid, p * 50.
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Table 7.10: RSTB Test Problem Line “A” U Velocity Peaks:

Lower Peak

Upper Peak

Grid | Velocity % | Velocity %
30x20 0.963 - 0.843 -
60x40 0.995 +33| 087 +3.9
90x60 1.009 +14| 0.898 +2.5
120x80 | 1.026 +1.7| 0918 +2.2

188

Non-Orthogonal Grid, p * 50.

for the orthogonal grid at different densities. The V velocity curves show negative velocity

peaks near the sealing strips and a large “trough” in the center. There is little change in

the magnitude of peak velocities between the grids, but a small change of the location of

the peak in the z direction exists. The trough in between the two peaks shows little change

with increase in grid resolution.

Again, to quantify the change in the velocity profiles with grid resolution the peak ve-

locities and the percentage changes are listed in Table 7.11. Only small changes in the peak

V velocities are seen.

Left Peak Right Peak

Grid | Velocity % | Velocity %

30x20 | -1.056 - -1.190 -
60x40 | -1.058 +0.2 | -1.200 +0.8
90x60 | -1.064 40.6| -1.202 +40.2
120x80 | -1.073 +0.8| -1.209 +0.6

Table 7.11: RSTB Test Problem Line “B” V Velocity Peaks: Orthogonal Grid, u * 50.

The V velocity profile along the horizontal centerline for the non-orthogonal grid is shown

in Figure 7.37. There are significant changes visible in both magnitude and location of the

peak velocities.
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Figure 7.37: RSTB Test Problem V' Velocity Profiles at “B”: Non-Orthogonal Grid, g * 50.
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The values of the peak V velocity, in Figure 7.37, are given in Table 7.12. The largest
change in peak velocity magnitude is between the coarsest and second grid resolutions. This
large change is to be expected given that the coarse non-orthogonal grid had difficulties

reaching a converged solution.

Left Peak Right Peak

Grid | Velocity % | Velocity %

30x20 | -0.982 - -1.134 -
60x40 | -0.995 +1.3| -1.215 +7.1
90x60 | -1.021 +26| -1.227 +1.0
120x80 | -1.043 +2.2 | -1.238 +0.9

Table 7.12: RSTB Test Problem Line “B” V' Velocity Peaks: Non-Orthogonal Grid, p * 50.

The exit region is the region to the right of the tube bundle. A profile is taken along line
“C" of Figure 7.23 to determine if the flows are different after leaving the tube bundle. The
profile is plotted for the orthogonal grid and g * 50 in Figure 7.38. The velocity starts at
the bottom wall at zero then increases rapidly to about the inlet velocity. The velocity then
stays approximately equal to the inlet velocity for most of the traverse towards the baffle,
whose bottom face is located at y = 0.45. The negative velocities near y = 0.45 indicate
the recirculation zone. Since the recirculation zone has different sizes and intensities for
the different grids and resolutions, the velocity peaks and magnitudes vary widely. The
two coarsest grids do not have a recirculation zone so the peak is reduced and no negative
velocities exist. The other two grid resolutions appear to have similar velocity profiles except
for the difference in peak velocity magnitudes. There is a velocity peak near the baffle, at
about ¥ = 0.37, that is used as a representative velocity. This velocity peak is a better
indicator of grid independence than the profiles inside the tube bundle, since this profile is

not directly affected by the tube bundle edges.

The values of the upper peak U velocity, in Figure 7.38, are given in Table 7.13. The
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Figure 7.38: RSTB Test Problem U Velocity Profiles at “C”: Orthogonal Grid, u * 50.
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magnitude of the change of peak velocities along this line is much larger than inside the
tube bundle along lines “A” and “B”. The strong recirculation zone near the baffle and the
absence of drag to dampen flow variation are possible reasons for the greater change in peak

velocity with grid refinement.

Upper Peak
Grid | Velocity %
30x20 | 1.075 -

60x40 1.177  +9.5
90x60 1.277  +8.5
120x80 | 1.319 +3.3

Table 7.13: RSTB Test Problem Line “C” U Velocity Peak: Orthogonal Grid, p * 50.

The U-velocity curve along line “C” for the non-orthogonal grid is shown in Figure 7.39.
The coarsest two grids do not have a recirculation zone below the blockage and therefore no
negative velocities. The velocity profile for coarsest grid resolution appears much different
than the other three resolutions The overall profile of the other three grids presented are

very similar except for the peak velocity magnitude.

The values of the upper peak velocity, at about y = 0.37 in Figure 7.39, are given in

Table 7.14. The magnitude of the change of peak velocities is decreasing with grid refinement.

If one were to set the criterion for grid independence at a 5% change in a particular peak
velocity, then both the orthogonal and non-orthogonal grid 120x80 solutions would meet
the criterion when only the profile at line “C” is considered. Using the non-dimensional
pressure drop to compare the grids indicates that the non-orthogonal grid can be considered
grid-independent at 60x40 and the orthogonal grid at 120x80. The non-dimensional pres-

sure drop is a more general test of overall solution while the change in peak velocities is a
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Figure 7.39: RSTB Test Problem U Velocity Profiles at “C”: Non-Orthogonal Grid, 4 * 50.



CHAPTER 7. RESULTS AND DISCUSSION 195

Upper Peak
Grid | Velocity %
30x20 | 1.054 -

60x40 1.136 4—7.8
90x60 1.195  +5.2
12080 | 1.243 +4.0

Table 7.14: RSTB Test Problem Line “C” U Velocity Peak: Non-Orthogonal Grid, g * 50.

more sensitive indicator. Since the magnitude of the velocity peaks generally increased with
increase in grid resolution, the orthogonal grid has a slight advantage when using the peak
velocity test because its fine grid peak velocity magnitude is higher than the non-orthogonal
result. Which grid method gives the most realistic results cannot be answered by this study
due to a lack of experimental comparisons. The conclusions that can be reached here are
that the non-orthogonal grid produces grid-independent overall measurements at lower grid
refinement, (as indicated by the non-dimensional pressure drop comparison), and that when
flow details are examined, the orthogonal grid shows smaller changes. These trends are for

the p x 50 viscosity multiple case, other viscosity multiples are examined shortly.

7.2.2 Grid Comparisons

The direct comparison of the results for orthogonal and non-orthogonal grids is done using

the finest grid resolution and g * 50 for each of the three profile locations.

The U velocity curve along line “A” for the orthogonal and non-orthogonal 120x80 grids
is shown in Figure 7.40. The two profiles shown here are very close except at the lower peak.
The trend, shown in Figures 7.34 and 7.35 and in Tables 7.9 and 7.10, is that, as the grid
is refined, the peak velocities increase. For the orthogonal grid, the upper peak velocity is

0.3% larger than the non-orthogonal grid peak velocity. For the lower peak, the orthogonal
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grid velocity is 2.8% larger than the non-orthogonal grid peak velocity. Since the orthogonal
grid velocity profile peaks are larger than the non-orthogonal peak velocities and the trend
using both grids is toward increasing peak velocities with increasing grid refinement, the

orthogonal grid appears to be closer to a grid-independent solution for this velocity profile.

The V-velocity curve along line “B” for both the orthogonal and non-orthogonal 120x80
grids is shown in Figure 7.41. Both the orthogonal and non-orthogonal grid velocity profiles
are very close except for the peaks. The trend, shown in Figures 7.36 and 7.37 and in Tables
7.11 and 7.12, is that as the grid is refined the peak velocities increase. For the left peak
velocity, the magnitude of the orthogonal grid result is 2.9% larger than that for the non-
orthogonal grid. For the right peak, the non-orthogonal grid velocity magnitude is 2.4%

larger than that for the orthogonal grid peak velocity.

The U-velocity curve along line “C” for both the orthogonal and non-orthogonal 120x80
grid is shown in Figure 7.42. The orthogonal and non-orthogonal grid profiles, shown here,
are generally the same except for the velocity peak and the recirculation zone. The trend,
shown in Figures 7.38 and 7.39 and in Tables 7.13 and 7.14 is that as the grids are refined
the peak velocities increase dramatically. The orthogonal grid peak velocity is 6.1% larger
than the non-orthogonal grid peak velocity. Since the orthogonal grid velocity profile peak
is larger than the non-orthogonal peak velocity, the orthogonal grid appears be closer to
grid independence in predicting this velocity profile. The orthogonal grid results shows a
larger area of negative velocities than the non-orthogonal grid results and therefore a larger
recirculation zone, which also fits with the trend as the grids are refined. A large difference
remains between the two results even for the finest grids which indicates the need for further

refinement of the grid if a tighter grid independence criterion is desired.
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Figure 7.41: RSTB Test Problem V Velocity Profiles at “B”: 120x80 Grid, p * 50.
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Figure 7.42: RSTB Test Problem U Velocity Profiles at “C”: 120x80 Grid, u * 50.



CHAPTER 7. RESULTS AND DISCUSSION 200

7.2.3 Viscosity Effect

This section compares the differences in flow prediction when the effective viscosity is

changed.

The U-velocity curves along line “A” for the 120x80 orthogonal grid for the three values
of effective viscosity are shown in Figure 7.43. There is little effect on the U velocity on the
vertical centerline in the orthogonal grid since all three viscosity multiples produced very

similar velocity profiles.

The values of the peak velocity, for Figure 7.43, are given in Table 7.15. The percentages
indicate the amount of change from the results for the previous lower viscosity multiple. The
increase in viscosity served to smooth out the peak velocity slightly. The lower peak has the

greatest effect at only 0.8% decrease in U velocity.

Lower Peak Upper Peak
Grid | Velocity % | Velocity %
% 25 1.059 - 0.921 -
wx50 | 1.055 -04] 0921 0.0
w100 | 1.047 -08| 0918 -0.3

Table 7.15: RSTB Test Problem Line “A” U Velocity Peaks: Orthogonal 120x80 Grid.

The U-velocity curves along line “A” for the 120x80 non-orthogonal grid for the three
viscosity multiples are shown in Figure 7.44. There is just a slight difference in the velocity
peaks.

The values of the peak velocity, for Figure 7.44, are given in Table 7.16. Again, the lower
peak has the greatest difference at only 0.7% decrease in U velocity with increase effective
viscosity by a factor of 2.

The V-velocity curve along line “B” for the 120x80 orthogonal grid is shown in Fig-

ure 7.45. There is little difference in the three velocity profiles.
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Figure 7.43: RSTB Test Problem U Velocity Profiles at “A”: Orthogonal 120x80 Grid.
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Figure 7.44: RSTB Test Problem U Velocity Profiles at “A”: Non-Orthogonal 120x80 Grid.
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Figure 7.45: RSTB Test Problem V Velocity Profiles at “B”: Orthogonal 120x80 Grid.
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Lower Peak Upper Peak
Grid | Velocity % | Velocity %
wx25 | 1.029 - 0.920 -
wx50 | 1.026 -03| 0918 -0.2
wx100| 1.019 -0.7| 0913 -0.5

Table 7.16: RSTB Test Problem Line “A” U Velocity Peaks: Non-Orthogonal 120x80 Grid.

The values of the peak velocity, for Figure 7.45, are given in Table 7.17. There is a slight
increase in the left peak velocity with viscosity increase, but the amount is so small that the
effect is not significant. As the viscosity increases, the flow is slightly greater near the wall
which causes more flow to divert into the tube bundle around the left sealing strip when the

effective viscosity is higher.

Left Peak Right Peak
Grid | Velocity % | Velocity %
w25 | -1.068 - | -1211 -

x50 | -1.073 +0.5| -1.209 -0.2
w100 | -1.077 404 -1.206 -0.2

Table 7.17: RSTB Test Problem Line “B” V Velocity Peaks: Orthogonal 120x80 Grid.

The V-velocity curve along line “B” for the 120x80 non-orthogonal grid is shown in

Figure 7.46. There is only a slight difference in the peaks of three velocity profiles.

The values of the peak velocity, for Figure 7.46, are given in Table 7.18. As with the

orthogonal grid velocities, the left peak velocity increases with higher effective viscosities.

Larger differences are expected in profile “C” than the “A” and “B” profiles because
the previous plots of grid resolutions showed larger changes in the area along line “C”. The

U-velocity curve along line “C” for the 120x80 orthogonal grid is shown in Figure 7.47.
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Figure 7.46: RSTB Test Problem V' Velocity Profiles at “B”: Non-Orthogonal 120x80 Grid,
1% 50.
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Left Peak Right Peak
Grid | Velocity % | Velocity %
ux25 | -1.039 - | -1.242 -
x50 | -1.043 404 | -1.238 -0.3
w*100| -1.049 406 -1.229 -0.7

Table 7.18: RSTB Test Problem Line “B” V Velocity Peaks: Non-Orthogonal 120x80 Grid.

The overall flow profile has small differences with two doublings of the effective viscosity.
The recirculation zone width and the upper and lower peak velocity magnitudes are reduced
with higher effective viscosities. There are also small differences visible on the graph near

the bottom wall.

Near the bottom boundary, the wall function reduces the shear stress (relative to that
for zero slip with the high effective viscosity) so that the velocity profile is similar to a
turbulent profile. The wall function method, as used in the present work, only affects the
velocity in the first control volume near the wall and is not sensitive to changes in effective
viscosity. As a result, a large difference exists in the diffusion term between the first and
second control volume This difference produces a discontinuity in the velocity profile. The
greater the viscosity multiple, the sharper the discontinuity, and the flatter the peak near

the bottom boundary. This result may be expected from such a simple turbulence model.

The values of the peak velocity, for Figure 7.47, are given in Table 7.19. The lower peak

changes to a larger degree than the upper peak.

The U-velocity curve{along line “C” for the 120x80 non-orthogonal grid is shown in
Figure 7.48 The increase in the effective viscosity by factors of 2 has more effect on the
non-orthogonal grid results than on the orthogonal grid results. The increase in viscosity
multiple has a gencral smoothing effect which is most visible in the velocity peak near the

bottom wall. Both the positive velocity peaks are reduced as the effective viscosity increases.
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Figure 7.47: RSTB Test Problem U Velocity Profiles at “C”: Orthogonal 120x80 Grid.
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Figure 7.48: RSTB Test Problem U Velocity Profiles at “C”: Non-Orthogonal 120x80 Grid.
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Lower Peak Upper Peak
Grid | Velocity % | Velocity %
1% 25 1.164 - 1.322 -
x50 1.156 -0.7| 1.319 -0.2

%100 1.132 -21} 1.308 -0.8

Table 7.19: RSTB Test Problem Line “C” U Velocity Peak: Orthogonal 120x80 Grid.

The non-orthogonal grid is much more refined than the orthogonal grid along the wall so
the velocity profile is smoother. The discontinuity between the first and second node, caused

by the use of wall functions, is not as evident.

The non-orthogonal grid is a bit more refined than the orthogonal grid around the bottom
of the baffle as well. The sharp peak of negative velocities still exist in that region. Veloc-
ity peaks remain relatively the same shape but reduce in size dramatically. The dramatic
decrease in size of the negative velocity peak indicates that the recirculation zone is getting

smaller and weaker with higher effective viscosity.

The values of the positive peak velocity, for Figure 7.48, are given in Table 7.20. The
change in the peak velocity values with increased viscosity multiple is slightly greater than

with the orthogonal grid and the lower peak has a larger change than the upper peak.

Lower Peak Upper Peak
Grid | Velocity % | Velocity %
W 25 1.190 - 1.251 -
x50 1.171  -16| 1243 -06

wx100| 1.139 -27| 1.235 -0.6

Table 7.20: RSTB Test Problem Line “C” U Velocity Peak: Non-Orthogonal 120x80 Grid.

It was concluded that changing the effective viscosity did not affect the flow in the

tube bundle region greatly because the terms involving effective viscosity in the governing
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equations were likely dominated by the tube drag terms. Also, in the free fluid regions only
small changes with effective viscosity were noted because the turbulence model used was not
sensitive to the details of the flow. The overall flow profile changed very little with doublings
of the effective viscosity. The use of a fixed effective viscosity was considered adequate,
however, and did not affect the trends produced by grid refinement and the comparison to
the two types of grids. Other researchers have also used the fixed effective viscosity model

and found similar results, see Section 1.2.1.



Chapter 8

Closure

8.1 Summary and Conclusions

A computer procedure has been developed to model the two-dimensional isothermal flow in
5 cross-section of a shell-and-tube heat exchanger with complex-shaped tube bundles, flow
blockages, and a shell of any arbitrary shape. The tube bundle region is modeled using
the porous media concept and isotropic drag correlations. The purpose of this work was to
compare the results obtained using orthogonal and non-orthogonal grids with this simplified

heat exchanger model.

The differential equations for momentum in the z and y directions, conservation of mass,
and conservation of energy were discretized on a co-located non-orthogonal grid using a
Finite Volume Method. The algebraic equations for U and V' velocity, temperature, and
pressure correction were solved with a nine-diagonal iterative solver. The pressure-velocity

coupling was handled using the PWIM and SIMPLEC algorithms.

Blockages such as scaling strips and baffles were modeled as solids with zero slip velocity
boundary conditions on their surfaces. The effective viscosity in the momentum equations

was set to a fixed multiple of molecular viscosity as a simple model of turbulence. Wall
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functions are used to provide the appropriate wall shear stress for a turbulent flow without

the need for a dense packing of nodes along solid walls.

A grid generator was developed that creates two-dimensional grids that conform to the
boundaries of complex shapes in a heat exchanger cross-section. A paneling method and
transfinite interpolation were used to control the arrangement and the shape of control

volumes and the exact location of internal and external boundaries.

A series of test problems were performed to validate the non-orthogonal method and the
general numerical model. The test problems performed to validate the non-orthogonal ap-
proach were the tilted lid-driven cavity, and annulus natural convection. Each test confirmed
that the present non-orthogonal grid results agreed well with published results. Further test
problems were performed to compare the orthogonal and non-orthogonal approaches relative
to each other and to known results. The square lid-driven cavity test and the flow between
parallel plates showed that both approaches produced very similar results and at the same

level of agreement with published and known results.

The tube bundle porosity approximation and the edge effects were introduced using a
comparison of two orthogonal grids on a slug flow test. One had large control volumes and
the other had fine control control volumes along the tube bundle boundary. This test demon-
strated the pressure and velocity fluctuations as the fluid crossed the boundary between the

tube-filled and tube-free regions.

The comparison of orthogonal and non-orthogonal approaches was advanced by including
a slanted tube bundle region in a standard slug flow problem. The 45° slant was used to
cause the greatest amount of aliasing error on the orthogonal grid, while the non-orthogonal
grid lines were skewed to match the 45° slant. The slug flow solution is known but the slanted
tube bundle diverts the flow to one side. The flow is still predominantly in one direction
and a long tube-free region allowed the flow to return to the expected uniform profile. The

results for the two approaches were compared at three different effective viscosities and at
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three different grid resolutions. The purpose was to find which approach met the defined grid
independence criterion with the coarsest grid and what, if any, effect the viscosity multiple

had on the trend towards grid independence.

After the validation, the results of the two approaches, orthogonal and non-orthogonal
grids, were compared on a simple slug flow that included a sample tube bundle tilted at 45°
to the main direction of flow. Finally, the two approaches were compared on a simplified
heat exchanger which included the tube bundle tilted at 45°, sealing strips, and a bafile.
The results were compared in the form of streamlines, velocity profiles, and non-dimensional
pressure drop in order to observe the trend toward grid independence as the grid resolution

was increased.

The results of the slug flow test, showed that for a low viscosity multiple, u * 25 the
orthogonal grid appears to give grid-independent results with a coarse grid, 70x10, while
the non-orthogonal grid needs more refinement, up to at least 210x30, to produce the same
results. At a higher viscosity multiple the orthogonal grid appeared to give independent
results for a 140x20 grid while the non-orthogonal grid results are nearly grid independent
for a 210x30 grid. The orthogonal grid approach seemed to perform more efficiently than

the non-orthogonal grid in this test.

The final test problem was developed to explore the non-orthogonal method on a true
two-dimensional flow in a simplified héat exchanger. To make the model somewhat realis-
tic sealing strips and baffles were added, but the shell shape remained Cartesian for clear
comparison with the orthogonal grid approach. The tube bundle was defined as a square
rotated at 45°. The general flow distributions were observed using streamlines and problem
areas along the tube bundle boundary were indicated on plots of isobars. The results were
then analyzed in terms of velocity profiles through the tube bundle and in the exit region.
A comparison of the non-dimensional pressure drop was also used as an overall solution in-

dicator. The trends observed are restricted to the Cartesian shell shape and the very simple
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internal geometry because of the focus on the tube bundle aliasing effects.

The results for the rotated square tube bundle test showed that using the non-dimensional
pressure drop to compare the results leads to the conclusion that the non-orthogonal grid
can be considered grid independent for a 60x40 grid while the orthogonal grid needed a
refinement to 120x80. The orthogonal grid results had a slightly smaller change in peak
velocity as the grid was refined, however, because of more gradual pressure gradients at the
tube bundle boundary. Both the orthogonal and non-orthogonal approaches reached the
defined grid independence criterion for peak velocity at the same level of grid refinement
with the orthogonal grid convergence behavior being more robust and predictable. The
conclusion is that the non-orthogonal grid is more efficient in producing grid independent
overall measurements, as indicated by the pressure drop test, but when flow details are

required, using an orthogonal grid has a slight advantage.

The effects of the viscosity were isolated and the results showed that changing the effective
viscosity does not affect the flow in the tube bundle region greatly. These small effects were
attributed to the tube bundle drag dominating the flow in that region. Only small changes
were noted in the free-fluid regions because the simple fixed effective viscosity is not sensitive
to details of the flow and the wall functions are not sensitive to change in effective viscosity.
In addition, the change in effective viscosity has only a small effect on grid independence

results and does not alter previous conclusions.

8.2 Recommendations for Future Work

The tube bundle edge effects are a very complex area that warrants further study. The
interaction of the PWIM and the pressure fluctuations at the interface between tube-free
and tube-filled regions has a large effect on the stability of the solution method. More

detailed examination of this phenomenon is needed. A modification of the PWIM to account
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for pressure gradients that change rapidly over the space of one or two control volumes is
required.

One way of analyzing the tube bundle edge effect is the modeling of flow around individual
tubes. The present code has the capability of solving the small scale problem by defining
a non-orthogonal grid around half of each tube in a row and using symmetry boundary
conditions. A comparison could then be made between the large scale model (using a porous

medium approximation to model the tube bundle) and this small scale model.

Further refinement of the grids in the simplified heat exchanger is needed to more clearly
define an actual grid independent solution. Hortmann [13] used the Richardson extrapolation
from a series of solutions that show a monotonic trend to get an estimate of values for the
grid independent solution. Using this method along with the multi-grid solution techniques
to establish a benchmark case would show the usefulness of the non-orthogonal grid approach

to heat exchanger modeling.

The convergence difficulties that were encountered were overcome to some extent by using
the nine-diagonal solver. Further work needs to be done to improve the diagonal dominance
of the pressure-correction equation. An understanding of how some of the approximations

applied in this work may contribute to convergence behavior problems is needed.
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Appendix A

Solution Procedure

The following is a detailed, step-by-step description of the procedure used in the computer

code to perform the flow calculation.

Read in the input data, variables that control how the program behaves, fluid proper-

ties, and boundary conditions.
Read in the grid data (everything that defines the discretization of the domain).
; Read in the material data, description of the tube bundle and blockage materials.

Read in the porosity data, description of the tube bundle configuration.

4~(i) Calculate porosity from tube pitch and diameter information.

4~(ii) Modify areas and volumes using porosity, which reduces the fluid volume in a

control volume.

Read in the blockage data, location of blockages.

Initialize field variables, T, U, V, U, Ve, Uy, Va, P.

223
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Read the previous field variables if continuing from a previous simulation.

Echo all the input data.

: Zero the face velocities on the surface and inside a blockage.
Calculate and store the unit vectors for the grid (7, 3, and #) using grid dimensions.

Set up the fictitious pressure coefficients for linear extrapolation on the boundary of

the domain, using grid distances.

| STEP:12] Set the pressure-correction convection coefficients (volume/distance). Zero the coeffi-

cients that cross a boundary.

{STEP:13] Zero the convection coefficients around blockages in exactly the same way as on the
domain boundary. Also zero the convection coefficient inside the blockage and raise a

blockage flag.

’ Set the continuity coefficients (for example, ACUE = (p* Ag)*7ige). No need to modify

the continuity coefficient in a blockage because face velocities are set to zero.

Calculate the mass flows at the faces of the control volumes. ACUW and ACVW
are only used on the west boundary. ACUS and ACV'S are only used on the south

boundary.

STEP:16| For constant properties: ( density, thermal conductivity, specific heat and viscosity)
Calculate the mass in a control volume, the diffusive conductance coefficient and the

effective viscosity.

" Set the viscosity in a blockage (specified in the materials list for the blockage). This
viscosity is specified to be large (roughly 1x 10" times the fluid viscosity) to ensure

that the blockage face has a zero velocity.
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Calculate the diffusion coefficients for U and V momentum using the harmonic mean.
This will give the correct viscosity at a blockage. Just the same as at a boundary wall

with a nonzero width.

Set up velocity monitoring location (pick nearest node or face velocity nearest the

desired point).

| BEGIN MAIN LOOP

Set old variables from present values at previous step.

Set domain corner U velocity based on the boundary conditions.
Using (/B — 1,JB — 1) as an example:
e If both south and west boundaries are Dirichlet use the average.

e If one boundary condition is Dirichlet set the corner value equal to that

boundary condition.
e If both are Neumann take the nearest nodal value, (In this case ®(IB, JB)).

e If boundary conditions do not match the above three cases, set ®(IB-1,JB—
1) = an average of the linear interpolation along the west side and a linear

interpolation along the south side.

Set northeast U velocities of each control volume. The boundaries use single
linear interpolation between nodes because of the zero-width control volumes.

Then interior control volumes use a simple average of the four nearest nodes.

Set domain corner V' velocity. Same as with U. This has the effect of using the

velocity field of the previous step to set the corner values.

Set northeast V' velocities.

Set all the northeast velocities to zero inside a blockage and on its perimeter.
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If using wall functions, calculate the wall shear stress using wall function method.

This subroutine also zeroes the diffusion coefficient along walls and blockages.

Set the face velocity boundary conditions using the nodal boundary conditions

and store them in the fictitious continuity coefficients.

Calculate the velocity profile weights, @ and 8. These are used in exponential

upwind differencing and are found using a Peclet number.

Set the U momentum source term from the wall function shear stress. The dif-
fusion weighting should be equal to 1 because the diffusion coefficient was set to

zero while calculating shear stress with wall functions.

Set the U momentum tube drag source. Because of source term linearization, the
drag goes completely into the present active nodal coefficient. A local Reynolds
number is calculated based on tube diameter and a ’free stream’ velocity for each
control volume. Drag correlation, valid between 1 < RE; < 1x10°, sets the active

portion of the source term.

Set the boundary conditions for U momentum. Store in fictitious U momentum

coeflicients.

Set the U momentum coefficients in either five- or nine-point form.

Absorb the U velocity boundary conditions.

Zero the U coefficients in the blockage and those referring to velocities in a block-
age.

Set the V' momentum source term from the wall function shear stress.

Set the V' momentum tube drag source.

Set the boundary conditions for V momentum.

Set the V' momentum coefficients in either five- or nine-point form.
Absorb the V velocity boundary conditions.
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Zero the V' coefficients in the blockage and those referring to velocities in a block-

age.

Main:22 | Set the pressure correction coefficients based on continuity and momentum coef-

ficients.

Zero the coefficients in the blockage and adjust blockage boundary coefficients.

Begin (P-V) Loop

(P-V):1

(P-V):6

(P=V):7

(P-V):8

(P-V):9

(P-V):10

Set domain corner pressures. Take the average of two linear interpolations

and the nearest nodal pressure.

Set northeast pressures just like in the momentum equation.
Calculate face pressures as linear interpolation of nodal pressures.
Use linear extrapolation to set face pressures on a blockage.

Set northeast pressures on a blockage by linear interpolation between face

pressure on blockage face.

Add pressure gradient force to U momentum source term.

Add buoyancy force to U momentum source term.

Add pressure gradient force to V' momentum source term.

Add buoyancy force to V' momentum source term.

Use either the LGS2D solver on the five-point, or PLR92D on the nine-point
U momentum equation. This produces a guessed field of U velocities.
Update fictitious control volumes to enforce the U velocity boundary condi-
tions.

Use either the LGS2D solver on the five-point, or PLR92D on the nine-point
V momentum equation. This produces a guessed field of V velocities.

Update fictitious control volumes to enforce the V velocity boundary condi-

tions.
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(P-V):14

(P=V):15

—

(P-V):16

(PV):17

(P—V/):18

(P—V):19

(P-V):20

(P-V):21

Use the PWIM algorithm to calculate the guessed face velocities.
Apply the face velocity boundary conditions.
Zero the face velocities in a blockage.
Calculate guessed mass flow rates from guessed velocities
Zero the pressure correction field.
Calculate the pressure correction source term from the guessed velocity-based
mass flows.
Zero the pressure correction coefficients in a blockage and set the source term
using the mass deficit.
If using the five-point solver with A = 1 (improved five-point formulation) or
the nine-point solver then (Pressure-Correction calculation):
e Pick a location to specify the pressure correction or allow it to float,
depending on the type of problem.

e Use either the LGS2D solver on the five-point, or PLR92D on the nine-
point pressure correction equation. This produces a field of pressure cor-

rections.

e Update fictitious control volumes using the linear extrapolation set in the
fictitious pressure-correction coefficients.
If X = 0 (pressure correction source term update loop, standard five-point
formulation) begin the inner (P—V) loop.
e Lag corner pressure corrections in the source term.

e Pick a location to specify the pressure correction or allow it to float,

depending on the type of problem.
e Zero pressure correction source term in a blockage.

e Use LGS2D one iteration



APPENDIX A. SOLUTION PROCEDURE 229

(P-V):22

(P-V):23

(P-V):24

(P=V):25

(P-V):26

(P-V):27

(P-V):28

(P-V):29

(P-V):30

(P-V):31

(P-V):32

(P—V):33

(P-V):34

(P-V):35

e Update fictitious control volumes using the linear extrapolation set in the

fictitious pressure-correction coefficients.
e Repeat inner (P—V) loop until a residual reduction criterion is met.

Calculate face pressure corrections using a linear interpolation of nodal pres-

sure corrections.

Use linear extrapolation to set face pressure corrections on a blockage.
Write guessed fields out to an unformatted file for use in debugging.
Correct face velocities using nodal pressure corrections.

Correct nodal velocities using face pressure corrections.

Update fictitious control volumes to enforce U velocity boundary conditions.
Update fictitious control volumes to enforce V' velocity boundary conditions.
Set domain corner U velocity.

Set domain corner V' velocity.

Apply the face velocity boundary conditions

Correct the mass flow rate using corrected face velocities.

Calculate and check mass deficits.

Correct the pressure field with the nodal pressure corrections.

Shift the floating pressure level.

End of (P-V) loop

Calculate the value of energy equation diffusion factor (I' = k/Cp).

Set the diffusion conductance (“D”) coefficients for the temperature equation

using the same method as for U and V momentuin.
Calculate profile weights « and § for upwinding of temperature.

Zero the temperature source term.
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Set the domain corner temperatures using the boundary conditions and the same

method as with velocities.
Set the northeast temperatures the same way as velocities.
Set both parts of the linearized temperature source term.
Set the temperature boundary conditions and store them in the fictitious nodes.

Set the algebraic temperature equation coefficients in either five- or nine-point

form.
Absorb the temperature boundary conditions.
Use either the five-point (LGS2D) or nine-point (PLR92D) solver.
Update fictitious control volumes to enforce temperature boundary conditions.
Perform steady-state convergence checks.
8—-(i) Evaluate convergence of U velocity.
8-(ii) Evaluate convergence of V velocity.

)
)

38-(iii) Evaluate convergence of Pressure.
)

38-(iv) Evaluate convergence of Temperature.

Check convergence behavior by watching slope of a line fit through the thirty
most recent check values and mass deficits at each step. No need to continue if

they are all increasing (divergence is likely).
Write fields out to an unformatted file for use in plotting and continuation.

Check interactive file for what to do on a slope error or stop without meeting the

convergence criteria.
Check mass flux at boundaries and print them out.

Write out monitored velocity and convergence data for this step to a separate file.
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In some problems, if the Reynolds number was specified, check and adjust the

boundary conditions to get the correct value.

Check the non-dimensional pressure drop from inlet to outlet.

| End of MAIN LOOP
Start post processing.

22-(i) Calculate wall shear stress without wall functions.
22—(ii) Calculate shear stress on specified shear boundaries.
22—-(iii) Calculate stream function
22—(iv) Calculate face pressures as linear interpolation of nodal pressures.
22—(v) Use linear extrapolation to set face pressures on a blockage.
22—(vi) Calculate domain corner temperatures from the boundary conditions.
22—(vii) Write fields out to an unformatted file for use in plotting and continuation.

22—(viii) Calculate non-dimensional temperature and distance to compare with bench-

marks.
22—(ix) Check the non-dimensional pressure drop from inlet to outlet.

22—(x) Calculate Nusselt, Grashof, Rayleigh, and Prandtl numbers, and heat transfer.

[StEP23] THE END
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Five-Point Algebraic Equations

B.1 General Discretized Equations

The generalized discretized equation that is presented here uses the U velocity as an example.

The V velocity and temperature equations are analogous.

B.1.1 Standard Five-Point Equation

To solve Equation (4.30) using a five-point solver, it is necessary to collect terms into the

five-point coefficients and produce a five-point algebraic equation. The equation becomes

A}l')Up = A%UD + AQ‘IVUW + A;’VUN -+ A};‘US + b% = ZA}({BUNB + b (Bl)

which has the present nodal velocity on the left and the four neighboring nodal velocities on

the right along with the source term. The coefficients of Equation (B.1) are

D
A = h—ﬁs — 0.5 110 + | [rne] (B2)

232
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by = ot 05 i, + [ i (B3)
U n/Bn
N = — 0.5 m, + ]Ozn[ lmnl (B'4)
Ty - t
w_ sﬁs .
§= 7 + 0.5 s + |as| ] (B.5)
and
7 A[P 0 aP U
bt = AL Up VP + Q%
(dS)e f (dS) fw * 8y
eﬂe (dt) ( ne USC) ']/'\I, _I— Dwﬂw (dt)w (U’IL’LU S'LU) ’f),w . §w
(dt)n tn Sn ( ) tAS . §3
- Dn 7 7 N Une - Unw Ds Use sw ~ 7
P ds)a ¢ Vot T PP, s
M . 9P

= AfUR=Vr 5 +QE+E (BS)

The source term contains part of the transient term, pressure gradient term, Buoyancy term,
linearized source term and cross-derivative terms. The pressure gradient in the z direction is
approximated with a combination of pressure gradients in the § and f directions. The pressure
gradient details are given in terms of the gradient of pressure corrections as discussed in
Section 5.2.5. The velocities in the cross-derivatives are located at the corners of the control
volume so they are approximated as the average of the four nearest nodal velocities from the

previous time step. Therefore, all cross-derivatives contain lagged velocities.

Finally, the diagonal coefficient, A%, is

D Do : :
U= eﬂf + 0.5 1ie + |ae| [1hte] + —— D ﬁ" — 0.5 7ty + aw] [1iy]
e " Se nw Sw
Mp
+ ”ﬂ” + 0.5 1y, + || || + 3'6; — 0.5 s + |as] s + —— A R (B.7)

nnn s + ts
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Equation (4.44) can also be written as the sum of neighboring coefficients, mass flows and

linearized source term as

. Mp .
}ﬁ:A}‘;+A1¢V+A}‘V+A1§+me—mw+mn~ms+ZtE—RP (B.8)
Ay L Mp

At

Defining A%, from Equations (B.2) through (B.5) as:

. D . . D ) .
U= eﬂA — 0.5 70 + |ae| |he]  + :—@ + 0.5 11y + |aw| [Ty |
e * Se w " Ow
D . . D . .
+ - "ﬁ? — 0.5 1y, + || |a]  + = Sﬂf + 0.5 15 + || [s]  (B.9)
Ty, * L , Tlg * L

and using continuity, Equation (4.9), to reduce Equation (B.8) to simpler form produces:

Mp

Y= AY — R% + At

(B.10)

For the standard five-point formulation A% is synonymous with the sum of the four neigh-

boring coefficients, Y A%g.

e8,n

The discretized momentum equation has been separated into a standard five-point alge-
braic equation. This formulation works well for orthogonal (or nearly orthogonal) grids but
when the grid is skewed the cross-derivative terms become more important and having those
terms lagged causes convergence difficulties. Convergence improves if all cross-derivative
terms are connected to the five “active” nodes. That is the basis for the improved five-point

equation.

B.1.2 Improved Five-Point Equation

"To improve the five-point solution technique there must be some approximation for U,,., and
other corner velocities, in the active coefficients (instead of lagging them completely). The

simplest approximation is to have the corner velocity equal to the average of the surrounding
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four nodal velocities. The northeast corner velocity, Uy, for example, is approximated as
suggested by Perié [32] as follows:
— 1 )
Unezz(UN“‘UNE'f“UP‘i‘UE) (B.ll)

A new parameter, A, is introduced to permit control of the use of the new approximation

Une = A Upe + (1 =A%) UZ, (B.12)
Substituting Equation (4.33) into Equation (B.12) produces:

A\
Upe = (UN+UNE+UP+UE) (1 - /\u) U;l)e (B.13)

Substituting Equation (B.13) (and its equivalents for all the other corner velocities) into

Equation (B.6) produces a new expression for the source term:

U ]\{[0 o aP X
= (o520 o

At oz
_ (dS)e tAe . 3‘3 At U 0
Deﬂe(dﬁ)e’ﬁe - 4 (UN+UNE+UP+UE) (1 A )Une

N\
——(US +Usg +Up + UE) + (1 ——)\u) U;DGJ

+ Dwﬁw

d Ww tw fw - Cw /\u [
(ds) d { (Un +Unw +Up +Uw) + (1 = XY UZ,

(dt)e T - 800 | 4

U%+%wuhumwu—mw4
(dt n z <5n

(d$)y T, -

ILIBH

{— (Un+Unep+Up+Up) + (1 - XU,

)\?l
——(UN+UNw+UP+Uw)+(1—/\u) }

L D.g, (dt)s 1, - 3, [/\

@s)ery 4, | & V5T Um H Up V) (1= MU

A\
—_—— (US + Usw + Up + Uw) + (1 — /\u) sw} (B.l4>
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Using a A = 0 is the same as lagging all corner velocities completely, the previous five-point
set of coeflicients. Using a A = 1 includes some of the influences of the corner velocities in
the active five-point coefficients. The case of A > 1 would emphasize the cross-derivative
and the approximated corner velocity. With the five-point solver, the nodal corner velocities

used in this source term are all from the previous time step.

Cancelling and collecting terms produces the following modification to the previous five-

point algebraic equation:

M _op
B = ( P) US — ¥ —8-3—0-' QY

At
(d ) e e
(dt)e fie - 8¢

eﬁe

1 WU~ Uss) + (1= X (0% -03)

ds)y tw * 8w | A¥ u e
+ Dwﬂw%ﬁ 3 {:_ (UNW USW) + (1 — A ) ( nw su:)}

(dt)y tn - 3y,

- Dnﬁnm Py - £ I: (UNE - UNW') + (1 - /\u) ( ne ngv)}

dt)s o
-+ Dsﬂs ((d )) ]i— (USE - USVV) -+ (1 — /\U) (UO Usw)] (B15)
The east neighbor coefficient, from Equation (B.2), gains two cross derivative terms as
follows:
D.f. . : (dt)n En - 80 (dt)s t
AY = —— — 0.5 e + || I O, A O —
B fe - 5, e + o] fri| - 6(8)nﬁn-tn 4 ’6(8) T - ts

(B.16)

The west neighbor coeflicient, from Equation (B.3), gains two cross derivative terms as

follows:

) M dt 6
z[fv = D IB“ + 0.5 17y, + IO-'WI |7nwl + — Dnﬁn( )n TR ~— D, 75
Thy * 8w (ds)n Ty, -

(dt)s ts - ss
(ds)s Mg »
(B.17)
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The north neighbor coefficient, from Equation (B.4), gains two cross derivative terms as

follows:
DyBn : : (ds). L Se (ds)w tw - 8w
N = ~ — 0.5 n n n| — — LeMe w W e
AN fan . tn O m + la I ’777» | ﬂ (dt)e IB (dt),w n'w . S,w
(B.18)

The south neighbor coefficient, from Equation (B.5), gains two cross derivative terms as

follows:
” sﬁs (ds)e te Se AY (ds)w tAw ' §w
= = 5 De - "—“D w ~ A
S 713 . t * 0 7ns + |a3| lI,nS| + ,Be (dt) e Se 4 wﬁ (dt)w Ny * Sw
(B.19)

The center nodal coefficient, A%, does not change from Equation (4.46) where A% is no
longer equal to the sum of neighbors because of the additional terms in the the neighboring

coeflicients.

This new formulation may be used with a five-point solver to improve convergence. If,
however, the grid is highly skewed and flow conditions are such that convergence difficulties

still remain, a nine-point formulation (and nine-diagonal solver) is required.

B.2 Five-Point P’ Equation

B.2.1 Standard Five-Point Formulation

To solve Equation (5.50) using a five-point solver, the northeast, northwest, southeast and
southwest P’ approximations would be put in the source term. The five-point algebraic

equation is:

ALY = AP+ AT Ply + APl + ALPL 4 = Y Albg Pl + ¥
(B.20)
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where the four neighboring coefficients are the same as defined in Equations (5.52)
through (5.55). The simplest five-point source term, with the four diagonal coefficients

lumped in, would be as follows:

!

bW = —1he + hy — My, + s + 0%
1 0
+7 (—45,CveUh + AS,CyeVh + A, CunUh — AS CunVh ) Py

+ = (= A2, CvuUh + A, CyuVh — A CynUh + AS, ConVh ) Py

1

4
1 o

+7 (AZGCVeUh — A CveVh + AS CyUh — AS CyVh ) Py

+ Z]i‘ (45, CvUh — A2, CyVh — A CysUh + A5, CysVh ) Py (B21)

This source term has to be updated after each solver iteration as the Pyg, Pyw, Psg, and
Pgy, has to come from the from the previous P’ equation iteration not the previous time

step.

B.2.2 TImproved Five-Point Formulation

Just as with velocity there can be some improvements to the five-point solution method to
avoid needing a nine-point solver. In order to assimilate the diagonal terms, Peri¢ used the
following definition of a parameter, «, which gives the diagonal node in terms of regular

five-point nodes:
Pyw = a(Py+ Py — Pp) (B.22)

This can be used, only for P’, for all four diagonal nodes. Using Equation (B.22) and the

same means of controlling this feature A (as in Equation (B.12)) Equation (5.50) becomes:

Am = — [G; + G5, + Gy, + G (B.23)
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where
Ge = Ao {CUeUh (P's— P'p)
1 / P! / / ' P\ pro
—CyoUh Z((PNH o (Py+Prp—Pp)+ (1= Pp)
~(Ps+ A a(Ps+Pr—Pp)+(1- A7) Plog) ) }
1 / / 0
+ A {CVth . ( (P'x+ X a(Py+ Pp—Pp)+ (1= A7) P'%p)

—(P's+ A" (Ps+ P — Pp)+ (1- A7) P%y) ) — CyVh (P'm—P'p) } (B.24)

GC

w

= 45, {CouUh (P~ BY)
—CyUh Zli ( (P + Ao (P + Py — Ph) + (1- M) Pw)
—(Ps+ A (Ps+ Py — Pp) + (1 - A7) Plow) ) }
+ 45, {CraVh ; ((Pic+ 2Bl + By = Ph) + (1= A7) Py

— (Ps+ \a(Py + Ply — Bp) + (1= X7) P'%y) ) — CyuVh (Pb— Ply) } (B.25)

G, = AL, { CynUh % ( (P'e+Xa(Py+Pr—Pp)+ (1= ') Py)
= (Pw+A"a(Py+ Py = Pp)+ (1-AP) Py, ) — CyaUh (P'y — P'p) }
A {CvﬂVh (P'y — P'p)
—CuynVh % ( (Pe+ M a(Py+Pr—Pp)+ (1=2") P'Ys)

~(Pw+ AP a(Ply + Pw — P'o) + (1= A7) Py ) } (B.26)

1 ! /
G, = Ay, {OUsUh 1 ((P'E + A\ (PL+ Py — Pb) + (1 — AP ) P’gE)
— (B + A" a(Pg + Py — Pp) + (1= A7) P'gy,) ) — CysUh (Pp — P%) }
1 , N
+ A, {CVth (Pp — Pg) — CysVh 1 ( (Pp+ AP (Py+ Py — Pp) + (1= X)) Pgp)

— (Pl + X0 (Ps+ Py = P+ (1= A7) P'yy,) ) } (B.27)
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Cancelling and collecting terms produces:

Am = —

45 {Coctn (Pp= )

i [(E2) i+ (=2 )|
+ A2 {C’Vth Kl +iplo‘> (P — P%) + (1—-_74—&) (P'hs = P"’SE)}
— CyVh (P — P,;)} + A {CUwU h (Pp — Py)
~ovatn [(R228) -+ (20 (P - P3|}

+ A2, {OVth Kl - ipla) (Piy— Ps) + (1 _4”)') (P — P"’sw)]
~ CunVh (P - By}
w5, {cun [(F55) - A+ (S50 (Phe - P
— CynUh (Pl — P,g)} + AS {C’Vth (P — Pb)
~cuvn | (H250) - R+ (1525 (P - o) |
+ AL {CUsUh Kl +2P1a> (Pp =~ Py) + (1 ”4AP/> (Psp - P"éw)]
— CysUh (Pp — Pg)} + Ag, {Cvth (Pp — P%)

L+ X a\ D LA W o
—CysVh [( 1 )(PE_Pév)“‘( 1 )(PISE~P,SEV'>}}:| (B.28)

In this case the coefficients for the P’ algebraic equation become

AY, = —AS CuypUh + A, CyyVh

(1+/\P'a
_l_. [T

. ) (—A2,CuaUh + A5, CunVh — A, CyUh + A CyVh)  (B.29)
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AY = AS CyUh — A, CycVh
14+ A"
N (gt_g

; ) (4S, ConlUh — A, ConVh + A3 CyUh — A5,CuVh)  (B.30)

AR = —AS Cyn,Uh + A CynVh

<1+/\P'a
+ OO

: > (—A45,CvelUh + A5 CveVh — A; CvuUh + A2, CvuVh)  (B.31)

A% = AC CyUh — A Cy,Vh

14+ 27
+(_—Oﬁ

. ) (45.CveUh — A CyeVh + A5, CyuUh — A5, CiruVh) - (B.32)

The pressure correction source term is just like Equation (B.21) if A” " =1 as follows:

W = —tig + Ty — My, + 1 + 0%
1—A\F

4
1=\

(—AS.CrelUh + AS,.CyeVh + A2, CunUh — A; CunVh ) Pyp

+

‘(—A;wCVu,Uh + AS CviVh — AS CunUh +AgnCUth) W
1=\

(A5, CrelUh — AZ CyeVh + A2, CysUh — A5 CusVh ) Plyg

7 (42, CvuUh — AS CvVh — A CysUh + AL, CysVh) Py (B.33)

In each of the five-point coefficients and the source term (Equation (B.29) to (B.33)) when
A = 0 the standard five-point equations result, but if A = 1 the improvements come into

effect. Note that the A% is the same as in Equation (5.60).

B.3 Five-Point P’ Boundary Conditions

B.3.1 Standard Five-Point Formulation

The boundary condition formulation of the algebraic P’ equation using the five-point solver

is presented here. The easiest change from the nine-point method, detailed in Section 5.2.6,
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would be to lump the northeast and southeast correction terms into the source term as

follows:
bpl :_'m'e‘*‘ﬁ?/w_77.7%'i"ﬁls‘%‘b?j
1
- (— (45)° CveUh + (A2,)° CveVh + A, Conlh — AC, cUth> o
1
= ((A;f Cvelh — (A2)® CueVh + A5, Cy,Uh — Af,sC’USVh> o (B.34)

The diagonal northeast and southeast pressure corrections would be updated from the pre-

vious solver iteration.

B.3.2 Improved Five-Point Formulation

Using Perié’s approximation, Equation (B.22), for the corner pressure correction nodes, and

A as before Equation (5.70) becomes:
— G + G+ G ] =am (B.35)
Where
G, = (42.)* {con (Pp - P)
—CyeUh % ( (P + A" (Bl + Py — Pp) + (1= X)) P%yp)
— (Ps+\F'a(Ps+ Py — Pp) + (1= X7) Pg) ) |
+ (A;je)@ {cVth % ( (Py+ M (Py + Pp— Pp) + (1= A") Po)

—(Ph+ N (Ps+ Pp— Pp) + (1= A) P'3y) ) — CyVh (Py—Pb) } (B.36)
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1 :
Gry. = Au, {CUnUh (Z (Pl + Ph+ Pp+ X a(Py + Pp— Pp)+ (1-X7) Ne)
—Ja (AIIJ’(IB—IJ)PII’ T AKI)E(IB—LJ')PIIE) — (10— fa) (AZ})’(IB—I,j—i-l)PJ/V ;
A ey (W@ (P + Pp— Pp) + (1= A7) zwﬂ))—C%mUh(P&—f%)}
+ 45 {CoaVh (Py = Pp)
1 / / ! P! ’ / / P!
—CunVh (Z (P + P+ Ph+ A (Piy+ Py — Ph) + (1= ) P'ip)
— fn (AP(IB 1,5 PP +AE([B 13)Pl) (1.0— fn)( P(IB— 1,J+1)Pl

+*’4%,(119—1,3‘“) (/\PIO‘ (Py + Pp— Pp) + (1 - API) NE)) > } (B.37)

Ge = AS, {CUsUh G (Ps+ Pp+ P+ Ao (Pg+ P — Pp) + (1= 7)) P'gp)
— fs (AZ;DI(IB—Lj—l)Pé + AZIJEI(IB—I,j——l) (/\P’a (Ps+ Pp — Pp) + (1 - /\P/> SE))
+(1.0—- ) (AI;;(IB-l,j)P;ﬁL AZZ?/(IB—Lj)PJ'z)) — CysUh (Pp — Pg) }
+AC {C’VSVh (Ps— PY)
~CysVh (% (Ps+ Pp+ Pp+ A\ a(Ps+ Py — Pp) + (1= M) Pgp)
fs( P(IB—1,j~ I)PS+AE(IB 1,j—1) (/\P,O‘(PZG+PE_P/) (1_/\P> SE))

+(1.0—fo) (AZIJD(IB——I,]')P}’ + A%(IB—LJ-)PE)) } (B.38)

Collecting terms of Equation (B.35) into the form of the five-point algebraic equation pro-

duces the following coefficients:
’ R 1 -+ APIO( 51
AI) = A?(/Ls (CVSUh’ +CU3Uh <<_’4—"> _fs ( P(IB 1,j— 1) +AE(1B 1,§— 1))\[ )>>

c 1+ 4 v P’
— &, (CvoVh + CusVh (| = | = fa (ABun 10 T ABup1s-n) o)

(1—I—)\P'a
+ ——————

1 ) ((42.)° cvetrn = (42,)° Cvev) - (B39)
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AR, =
¢ 1+ )\P,Ol / ’ ’
— A (CVnUh — CynUh (<——-4——> — (10— fa) (AR sy jeny T ABrp-1540A a)>>

1-— /\P/Ql P v P’
— ) (1.0+ fa) (AP(IB—I,j—H) + ALup-1j+)A O‘)

* (1 +ipla> (— (45.)" CveUh + (Aie)@CVth) (B.40)

+ A (CV,LVh — CynVh ((

4% = (4.)° CyeUh — (45,)° CueVh

1+ a P 4 P’ c ¢
+ {2 = Aoy — (10— fa) Agpoi A @ (43, ConlUh — A5, CunVh)

4
1 + /\Pla ’ / / c c
+ (( 1 ) - fsA%(IB—l,j—l)/\P a—(1.0-f) Azl)'?(IB—l,j)> (AUsCUsUh - A{,SC’Uth>
(B.41)

= (A2)" CueUh — (A )@CUth
R 1

— AC

Vs

1— AP' / /
CysVh — CysV Vh (( ) - (10 - fs) AZI)D(IB—l,j) + fs AZJJE'(IB~1J 1) Oé>>
1— AP’
4

) Mo o ' '
+ Ay, (Cvth + CynVh ((T> — fo Appry) + (10— fu) A%([B_l’jH)AP (Jz>>

(B.42)

— Ay, (CVnUh + CunUh (( > fu A P(IB 1,5) + (1.0 - fa) AE(IB 1j+1)/\P ))

W' = —1h, + Ty — T + e + b5
+ (1 _4””) {=(2.)° oveUh + (45)° Cvevn
+ (45, CuaUh — A5, CunVh ) (1= 4(L0 = fu) Ay M)} P

+ (1 - 4API> {(#2)" cvetin - (42)% Ovevh

4 (A5, CusUh — A5,CuVh) (1= 4 £, A’é([B_l’j_l))} o (B.43)
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The coefficients, given in Equations (B.39) to (B.43), were used in easier computations that

employed a five-point solver.



Appendix C

Further Results for the Tube Bundle
Flow Tests

This appendix gives the details of the p % 50 results for the slug flow through a tilted tube
bundle omitted from Section 7.1.1 and the details of the simulated heat exchanger with a

rotated square tube bundle that were omitted from Section 7.2

C.1 The Slug flow with a Tilted Tube Bundle

The material found in this section is the remainder of the plots of the results for the slug
flow through a tilted tube bundle. A comparison of the orthogonal and non-orthogonal
streamlines is shown for each grid level at the u x50 viscosity multiple that was not included

in Section 7.1.1.

Figure C.1 shows the Streamlines on the 70x10 Grid. Figure C.2 shows the Streamlines
on the 140x20 Grid. Figure C.3 shows the Streamlines on the 210x30 Grid. Figure C.4
shows the U velocity profiles for the 70x 10 grid. Figure C.5 shows the U velocity profiles
for the 140x20 grid. Figure C.6 shows the U velocity profiles for the 210x30 grid.
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(a) Orthogonal Grid, o.

<

(b) Non-orthogonal Grid, nl.

(c) Non-orthogonal Grid, n2.

Figure C.1: Slug Flow Streamlines: 70x10 Grid, p * 50.
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(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, n1.

(¢) Non-orthogonal Grid, n2.

Figure C.2: Slug Flow Streamlines: 140x20 Grid, u * 50.
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(a) Orthogonal Grid, o.

(b) Non-orthogonal Grid, nl.

(¢) Non-orthogonal Grid, n2.

Figure C.3: Slug Flow Streamlines: 210x30 Grid, u * 50.
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Figure C.4: Slug Flow Normalized U Velocity Profiles: 70x10 Grid, p * 50.
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Figure C.5: Slug Flow Normalized U Velocity Profiles: 140x20 Grid, y * 50.
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Figure C.6: Slug Flow Normalized U Velocity Profiles: 210x30 Grid, p * 50.
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C.2 The Rotated Square Tube Bundle Test Problem

C.2.1 Streamlines

The material found in this section is the remainder of the streamline plots detailing the flow
through the sample heat exchanger. A comparison of the orthogonal and non-orthogonal
streamlines is shown for each grid level and viscosity multiple that was not included in

Section 7.2.

Figure C.7 shows the streamlines for the coarsest orthogonal grid, 30x20, at the lowest
viscosity multiple, z * 25. The solution for the coarsest non-orthogonal grid is not available
to compare with this orthogonal result because it would not converge. Figure C.8 and C.9
show the streamlines for the coarsest orthogonal and non-orthogonal grids respectively at
the middle viscosity multiple, p % 50. Figure C.10 and C.11 show the streamlines for the
coarsest orthogonal and non-orthogonal grids respectively at the highest viscosity multiple,
1 * 100. Figure C.12 and C.13 show the streamlines for the 60x40 orthogonal and non-
orthogonal grids respectively at the middle viscosity multiple, p % 50. Figure C.14 and C.15
show the streamlines for the 90x60 orthogonal and non-orthogonal grids respectively at the
lowest viscosity multiple, u * 25. Figure C.16 and C.17 show the streamlines for the 90x60
orthogonal and non-orthogonal grids respectively at the middle viscosity multiple, u % 50.
Figure C.18 and C.19 show the streamlines for the 90x60 orthogonal and non-orthogonal
grids respectively at the highest viscosity multiple, % 100. Figure C.20 and C.21 show the
streamlines for the 120x80 orthogonal and non-orthogonal grids respectively at the middle

viscosity multiple, u * 50.



APPENDIX C. FURTHER RESULTS FOR THE TUBE BUNDLE FLOW TESTS 254

Figure C.7: RSTB Test Problem Streamlines: Orthogonal 30x20 Grid, u % 25.
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Figure C.8: RSTB Test Problem Streamlines: Orthogonal 30x20 Grid, g * 50.

Figure C.9: RSTB Test Problem Streamlines: Non-Orthogonal 30x20 Grid, u * 50.
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;

Figure C.11: RSTB Test Problem Streamlines: Non-Orthogonal 30x20 Grid, u % 100.
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Figure C.13: RSTB Test Problem Streamlines: Non-Orthogonal 60x40 Grid, p * 50.
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Figure C.17: RSTB Test Problem Streamlines: Non-Orthogonal 90x60 Grid, 1 * 50.
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Figure C.19: RSTB Test Problem Streamlines: Non-Orthogonal 90x60 Grid, g * 100.
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Figure C.21: RSTB Test Problem Streamlines: Non-Orthogonal 120x80 Grid, u * 50.
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C.2.2 Velocity Profiles

The material found in this section is the remainder of the velocity profiles detailing the flow
through the sample heat exchanger. A comparison of the orthogonal and non-orthogonal
velocity profiles is shown for each grid level and viscosity multiple that was not included in

Section 7.2.

Figure C.22 and C.23 show the velocity profile along the vertical centerline for orthogonal
and non-orthogonal grids respectively at the lowest viscosity multiple, u * 25. Figure C.24
and C.25 show the velocity profile along the vertical centerline for orthogonal and non-
orthogonal grids respectively at the highest viscosity multiple, p*100. Figure C.26 and C.27
show a direct comparison of the orthogonal and non-orthogonal grids in terms of the velocity
profile along the vertical centerline at the lowest and highest viscosity multiple respectively.
Figure C.28 and C.29 show the velocity profile along the horizontal centerline for orthogonal
and non-orthogonal grids respectively at the lowest viscosity multiple, u * 25. Figure C.30
and C.31 show the velocity profile along the horizontal centerline for orthogonal and non-
orthogonal grids respectively at the highest viscosity multiple, u * 100. Figure C.32 and
C.33 show a direct comparison of the orthogonal and non-orthogonal grids in terms of the
velocity profile along the horizontal centerline at the lowest and highest viscosity multiple
respectively. Figure C.34 and C.35 show the velocity profile along the horizontal centerline
for orthogonal and non-orthogonal grids respectively at the lowest viscosity multiple, p * 25.
Figure C.36 and C.37 show the velocity profile along line “C” in the exit region for orthogonal
and non-orthogonal grids respectively at the highest viscosity multiple, 1% 100. Figure C.38
and C.39 show a direct comparison of the orthogonal and non-orthogonal grids in terms
of the velocity profile along line “C” in the exit region at the lowest and highest viscosity

multiple respectively.
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Figure C.23: RSTB Test Problem U Velocity Profiles at “A”: Non-Orthogonal Grid, z * 25.
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Figure C.24: RSTB Test Problem U Velocity Profiles at “A”: Orthogonal Grid, u * 100.
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Figure C.25: RSTB Test Problem U Velocity Profiles at “A”: Non-Orthogonal Grid, g x*100.
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Figure C.26: RSTB Test Problem U Velocity Profiles at “A”: 120x80 Grid, p * 25.
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Figure C.27: RSTB Test Problem U Velocity Profiles at “A”: 120x80 Grid, 1 * 100.
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Figure C.28: RSTB Test Problem V' Velocity Profiles at “B”: Orthogonal Grid, u * 25.
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Figure C.29: RSTB Test Problem V' Velocity Profiles at “B”: Non-Orthogonal Grid, p  25.
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Figure C.30: RSTB Test Problem V Velocity Profiles at “B”: Orthogonal Grid, u x 100.
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Figure C.31: RSTB Test Problem V Velocity Profiles at “B”: Non-Orthogonal Grid, z % 100.
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Figure C.32: RSTB Test Problem V' Velocity Profiles at “B”:
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Figure C.35: RSTB Test Problem U Velocity Profiles at “C”: Non-Orthogonal Grid, pu * 25.
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Figure C.36: RSTB Test Problem U Velocity Profiles at “C”: Orthogonal Grid, p * 100.
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Figure C.37: RSTB Test Problem U Velocity Profiles at “C”: Non-Orthogonal Grid, z¢* 100.
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Figure C.38: RSTB Test Problem U Velocity Profiles at “C”: 120x80 Grid, p * 25.
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Figure C.39: RSTB Test Problem U Velocity Profiles at “C”: 120x80 Grid, g * 100.



