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1. INTRODUCTION

Accurate and detailed knowledge of the fluid flow field and thermal distribu-
tion inside a heat exchanger becomes invaluable as a large, efficient, and
reliable unit is sought. This information is needed to provide proper
evaluation of the thermal and structural performance characteristics of a heat
exchanger. Thermal-hydraulically unbalanced design or operation of a heat
exchanger often causes unequal thermal loadings among the heat-transfer tubes,
which may result in excessive thermal stresses in the tube bundle, thus
Impacting upon the structural integrity and reliability of the unit. The
structural integrity of the pressure-bearing boundaries of heat exchangers
employed in nuclear reactor systems has direct reactor safety implications.

The flow pattern and the thermal map of a shell-and-tube heat exchanger may be
obtained either through actual testing of a scale model or by using an analyt-
ical prediction method. Scale-model testing is., in general, very expensive,
and requires a long lead time. Often instrumentation used in experiments must
be able to withstand high temperature, high pressure, and a corrosive environ-
ment. Another problem associated with scale-model testing is that suitable
similarity parameters must be obtained and matched between the scale model and
the actual unit; otherwise all the conclusions and information drawn from the
iexperimental data will be of limited value. Finally, both changing and
upgrading the design of heat exchangers often are done routinely. If the
design of a heat exchanger relies solely on experimental information, any
significant dt -iation from the original design will require all tests to be
repeated. This is a costly and time-consuming process.

It is to be noted that an analytical prediction method, when properly
validated, will greatly reduce the need for model testing, facilitate
interpolating and extrapolating test data, aid in optimizing heat-exchanger
design and performance, and provide scaling capability. Thus tremendous
savings of cost and time are -realized. With the advent of large digital
computers and advances in the development of computational fluid mechanics[1-
3], it has become possible to predict analytically, through numerical
solution, the conservation equations of mass, momentum, and energy for both
the shells Ida and tubeside fluids. The numerical modeling technique will be a
valuble, cost-effective design tool for development of advanced heat
exchangers.

In the past, investigations[4] have been made to obtain the flow distribution
(inside a heat exchanger through colutions of the continuum Navier-Stokes
equations. The idea of using distributed resistance to simulate the presence
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of heat-transfer tubes and baffle plates on the shell side of a heat exchanger
was first introduced by Parankar and Spalding[2]. These authors assumed that
the space inside a heat exchanger is uniformly filled with fluid, throughout
which, however, a resistance co fluid motion is distributed On. a fine scale,
but they did not calculate tubes ide flow distribution. More recently,
AbuRomia et al. [5] applied the distributed resistance concept to obtain the
flow field between the typical tube support spans of the Clinch River Breeder
Reactor Plant (CRBRP) intermediate heat exchangers. This analysis was limited
to an isothermal flow field and included a turbulence model that is perhaps
not appropriate for a tube bundle.

Recently a new porous-media formulation[6-10] was developed; it is rigorously
derived through local volume averaging. The new porous-media formulation uses
the concepts of volume porosity, directional surface porosities*, distributed
resistance, and distributed heat source or sink. All past analyses utilized
the conventional porous-media formulation, in which only volume porosity,
distributed resistance, and distributed heat source are used. Volume porosity
is defined as the ratio cf the volume occupied by fluid in a control volume to
the total control volume. Directional surface porosities are similarly
defined as the. ratio of flow area of a control surface to the total control
surface in each principal coordinate direction. The concept of directional
surface porosities is new. In thermal-hydraulic analysis, resistance
(friction factor) is, in general, not known precisely for most engineering
applications; directional surface porosities are a function of geometry and
are known precisely. The new porous-media formulation uses both distributed
resistance and directional surface porosities for modeling velocity and tem-
perature fields in anlsotropic media. This is in contrast with the conven-
tioua! porous media, in which only the distributed resistance is used. Thus,
any error in estimating resistance will not be reflected entirely in the
results using the new porous-media formulations, but will be in the conven-
tional porous-media formulation. The concept of directional surface
porosities greatly facilitates modeling velocity and temperature fields in
anisotropic media and, in general, improves resolution and accuracy. It may be
noted that, without the volumetric porosity and directional surface poros-
ities, the calculated fluid momentum would be lower than the actual momentum;
and without Che distributed resistance, the calculated pressure drop would be
less than the actual pressure drop.

2. POROUS MEDIA FORMULATION VIA LOCAL VOLUME AVERAGE

In general, fluid flow and heat transfer in a heat exchanger are complex. The
complication irises from the fact that the flow domain of Interest often con-
tains both Irregularly shaped fluidc, such as bubbles, and solid structures.
The cost of detailed thermal-hydraulic analysis with explicit treatment of
these structures often is prohibitive, if not inpossible. An alternative is
to capture the essential features of the system and to express the flow and
temperature field in terms of locally global quantities while sacrificing some
of the d-stalls. Often, this is all that is required in most engineering
applications. The present work is an attempt to achieve this goal by applying
the local volume-averaging technique. In the course of derivations, funda-
mental averaging theorems and their basic premises are reconsidered.

Attention Is focused on single-phase flows in a domain containing dispersed
but stationary heat-generating or heat-absorbing solid structures. Local

*In all our previous works, directional surface permeabilities instead of
directional surface porosities are used.



volume-averaged governing equations—I.e., conservation of mass, momentum, and
energy—and Interface relations between fluid and solid structures for such a
system are derived. Extension of the resultant set of single-phase
conservation equations to a multiphase system has been carried out and
presented elsewhere[9,10].

2.1 Averaging Relations

Consideration is hereby given to a domain consisting of a single-phase fluid
and dispersed, stationary solid structures. Heat may be generated or absorbed
by the structures. For an arbitrary point in the domain, we associate a
closed surface A whose volume is V. A portion of V that contains the fluid is
Vf and the total fluid-solid interface is Af8. A portion of A through which
the fluid may flow is Ag. A schematic of the system just described is
illustrated in Fig. I.

Local volume average, Intrinsic average, and area average. Let ty be any
intensive property associated with the fluid. It may be a scalar, vector, or
second-order tensor^ The local volume average of y is defined by

(1)'

where p is the position vector and the indicator function, l(p), is defined by

C •> m Jl, if the end point of p is in fluid ,_.
('PJ " lO, if the end point of p is in solid K '

An equivalent form of Eq. (I) is

(la)

The intrinsic local volume average of i|> is

The superscript 3 designates that the average is associated with volume;
superscript 2 is used for area and line (segment) averages.

FIGURE 1. Loeil volume averaging of physical system.



(3)
f V

Likewise, Che local area average of i|> Is

(4)

where Af denotes Che portion of A that Is occupied by the fluid.
ciated Intrinsic area average is

The asso-

(5)
f Af

It is important to note that in Eq. (4) the area A under consideration may not
be the total enclosing surface. (If A is the enclosing surface in i ts
entirety, then Af in Eqs. (4) and (5) should be replaced by Agj see Fig. 1.)
In fact, one is often concerned with a designated portion of i t . For
instance, in the Cartesian-coordinate system, the averaging volume may be
selected Co be a parallelepiped AxAyAz. The average mass flux through Che
surface AÂ  (area AjAz) whose normal points in the direction of positive x
axis is

2(X)<PU> -£-£-/ I (p)pudA

•if/ pudA
X A A

x,f 11 \(4a)

where AÂ  f denotes the fluid portion of AAX, p i s the fluid density, and u is
the fluid'velocity in x direction. The corresponding intrinsic average is

21(x) <pu> « pudA (5a)/
x,f A Ax

Volume porosity acd directional surface porosities. The ratio of fluid volume
Vf to the total volume V is defined to be the volume porosity, yv« Thus,

Since Vf - / v I(p)dV, Y V can also be wrlCCen as

y / (6a)

The superscript i denotes intrinsic average.



Furthermore,

3 3 S (7)

Analogously, we define the surface porosity Y& associated with any surface
(not necessarily closed) as

where Af Is the portion of A that Is occupied by the fluid. Consider, for
example, the surface LA^ described In the section titled "Local volume
average, intrinsic average, and area average." Its directional surface
porosity in the x direction is

AA

Clearly,

2 2 i (10)

Local voluae-averaging theorems. The volume averages of derivatives of i|i are
given by the local volume-averaging theorems as[11,12,13,14]

3<V+> - V 3<if,> + v"1 / i|i n dA (11)
A f s

3<V . <|j> - 7 • 3<*> + V"1 / t • n dA (12)
A f s

and

3Oi|«/3t> - 33<i|>>/3t - V"1 / + v . n dA (13)
A f s

Note that these averaging relations are subject to the restriction that [13]

(Characteristic length of poree and phases)

« (characteristic length of averaging volume)

« (characteristic length of the physical system). (14)

The averaging volume under consideration, therefore, cannot be arbitrarily
small or become infinitesimal.

2.2 Local Volume-Averaged Conservation Equations

By using the local Volume averaging theorems as shown in the previous section,
the resultant local volume averaged conservation of mass, momentum and



enthalpy equation may be summarized as follows,
those averaged equations can be found In Ref. 9.

Conservation of mass.

The det-^led derivation of

(15)

where p - fluid density, t - time, and v - fluid velocity vector.

Conservation of momentum.

3 3 1 . .
Y v 3 T <*> v >"

- Y v
3 i < P > g - Y V 31 , s .<p> +

V A

n) dA

• n dA - y 3i<B>

where g - gravitational acceleration vector, p • static pressure, T
tensor, and R - distributed resistance which is defined as

- f RdV - / (-pn + T • n) dA
Vf Afs

Conservation of energy in terms of enthalpy.

(16)

• stress

(17)

T v

- Y v

3
3t

3 i

' J

3i<

dt

ph> -H

+

• / phv • ndA
Ae

k n - VTdA

3 i ' " 3±< •>) (18)

where h - enthalpy, q - heat flux vector - -kVT, k. - thermal conductivity, T -
temperature, Q r b - rate of heat liberation from the dispersed solids per unit
volume of the fluid, *Q - rate of internal heat generation per unit fluid
volume, and 4 - dissipation rate of aechanical energy into heat.

2.3 Reducing this new formulation to conventional Porous Media Formulation and
Continuum

Equations (15, 16, and 18) form a set of local volume-averaged conservation
equations and constitute a new porous nedla formulation. Directional surface



porosities will be brought out through finite-differencing the surface
integrals of these equations. It can be shown readily that the conventional
porous media formulation is a subset of the present formulation. Furthermore,
the new porous media formulation can provide detailed and local velocity and
temperature fields if the problems under consideration involve body shapes
that do lend themselves to any one of the Cartesian, cylindrical, or spherical
coordinate representations. Figure 2 shows that both the conventional porous
media formulation and continuum are subsets of this new porous media
formulation.

3. TURBULENCE MODELING

The turbulence model presented here is limited to single-phase applications.
Two-phase or multiphase turbulence modeling is in its infancy and will not be
discussed here. The turbulence model[15] developed and presented here is for
qua8icontinuum or porous media for the transport of momentum and heat In large
tube bundles. This model utilizes the concepts of volume porosity, directional
surface porosities, and distributed resistance. Although the model is rela-
tively simple, it does take into account explicitly the effects of turbulent
kinetic energy generation due to shear, viscosity, diffusion, geometric
effects, buoyancy, and Reynolds number. This model is designed primarily for
tube bundle analysis with a mesh size consisting of a number of tubes. The
ether models were developed for a continuum [16,17,18] and are more appro-
priate for use in the inlet and exit headers of a heat exchanger. They
account for the transport effects of the turbulent kinetic energy k, turbulent
kinetic energy dissipation rate e, and scalar energy g. At any point in the
flow, values for either k-e-g of the three equation model, or k-e of the
two-equation model are obtained from transport-type equations. For the three-
equation model [16,17], turbulent momentum fluxes (Reynolds stresses) and heat
transport rates are obtained from an algebraic formulation containing k-e-g,
the mean velocities and temperatures, as well as their gradients. For the
two-equation model[18], turbulent viscosity is calculated as a function of
local k and e • Both three—equation and two—equation turbulence models will
not be presented here. Since most heat exchangers are cylindrical in form,
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FIGURE 2. A unified approach to a fluid flow system.



cylindrical coordinates r, 6 , and z are used for all the formulations
presented below.

3.1 Quasi-Continuum Model — Turbulent Kinetic Energy (k) Equation

When the flow is turbulent, the transport equation for turbulent kinetic
energy (k) may be written as:

pk3/2/£} +YVCBP|U|3 [(Ax/Ao) - l]2/6x

Yv{[a (T - Tj Bg/CpJ/[l + (wPrt)/(vtPr)]} w*

(19)

where

u,v,w • components of velocity vector v

u8,vQ,ws - effective wall slip velocity components

Ax - cross sectional area of a computational cell upstream or
downstream from the blockage

AQ - Open area of a computational cell upstream or downstream from
the blockage

U - velocity perpendicular to the baffle

w - heat transfer perimeter

D^ - equivalent hydraulic diameter

a - heat transfer coefficient

T,TW - mean fluid and wall temperature

li,Ut « molecular and turbulent viscosity

Pr,Prc - molecular and turbulent Prandtl number

6 • dimensionless volumetric expansion coefficient

g m gravitational acceleration

and

Cp - specific heat at constant pressure.



The detailed derivation of Eq. 19 can be found in Ref 15. The effective
viscosity ueff

 ls 8 i v e n bv

u e f f - ut + V - c^pk"
2* + u (20)

where

% - V f ° r Rem&x > 2000

ĉ  - c^(0.001 R e ^ - 1) for 103 £ Re^,, <_ 2 x 1<>3

% m 0 for Re^x < 1000

and

Re m a x is the maximum of Rex, Rey» and Rez.

The length scale appearing in Eq. (20) and on the right-hand side of Eq. (19)
is taken as linearly proportional to the hydraulic diameter of the tube; i.e.,

I - C)lDh (21)

where Cg is a coefficient.

The turbulent Prandtl number is obtained from[19]

Prt - 0.8[l - exp(-6 x lO^Re^^r
1' 3) ] - 1 (22)

The various empirical coefficients appearing in the model are recommended to
be assigned initial values as follows:

Quantity

CB
c£
CR
cs

Initial
Value

0.2

0.4

0.4

2.0

Quantity

us
vs
ws

Initial
Value

0.1

0.5u

0.5v

0.5w

4. NUMERICAL SOLUTION ON SHELL SIDE

Equations 15, 16, 18, and 19 constitute a set of governing equations on shell-
side. These equations are fi.vLte differenced in a staggered mesh system and
solved by the ICE technique with a set of appropriate initial and boundary
conditions. The detailed finite difference equations and solution technique
can be found in Refs. 3, 20, and 21.

5 . SHELL- AND TUBE-SIDE HEAT TRANSFER COUPLING

The development of a computational procedure or a computer code that would be
used in the design of large heat exchangers requires a model for the heat
transfer that takes place between the shell-side fluid and the tube-side
fluid. Such a heat transfer model incorporates the tube-side fluid, tube
wall, and heat transfer between the shell-side and tube-side fluids.



5.1 Shell-Side Energy Equation

The shell-side energy equation as described in Eq. (18) will not be repeated
here. It is sufficient to say that the energy equation contains a thermal
sink (or source) term. This term accounts for the heat transfer either from
the shell-side fluid to the tube wall, or from the tube wall to the shell-side
fluid, and is a function of the number of tubes in the control volume, shell-
side heat transfer coefficient, and surface heat transfer area.

5.2 Tube Wall Conduction Equation

For the tube wall , the temperature i s given by

dT T -• T T - T
pwc

PwdE V -R- A + -1T^- A ( 2 3 )

where

p • tube material density,

CpW - tube material specific heat,

RQ » heat transfer resistance between T and T^,

R^ » heat transfer resistance between Tt and Tw,

T • tube-side fluid temperature,

A - heat transfer area

and

V • total volume of tubes,

The overall heat transfer resistances, RQ and R^, consist of the various
resistances associated with conduction through the tube material, convective
resistance due to fluid motion, and any resistance due to fouling. These
resistances are in series with each other, and so, are additive. They are
generally calculated in some ad hoc manner. In this case, half of the thick-
ness of the wall material was associated with the tube side, while the other
half thickness was associated with the shell side to simplify computation.

5.3 Continuum Governing Equation on Tube Side

The flow distribution on the tube side of the heat exchanger is governed by
the one-dimensional conservation equation. The assumptions employed in
reducing the equation to one dimension and other specific simplifications are
discussed in [22]. The equations are Included here for completeness. The
continuity and momentum equations, respectively, are

f t + h ( p w ) • °
and

| _ ( P W ) + | _ ( P W 2 ) . - | £ + p g _ | L ( i . p w | w | ) ( 2 5 )



where

z - axial coordinate,

t - time,

w • axial velocity,

p - density,

p - pressure,

g - axial body force,

y • molecular viscosity,

f - pipe friction factor,

and

D - tube inner diameter.

The tube side energy equation is given as

T — T / S T

ft(ph) + h(pwh) - -hj1 A + h {* jr) <26)
ft

where h » enthalpy, A - heat transfer area, k. » thermal conductivity, and
subscript t denotes tube side.

6. SOME NUMERICAL SIMULATIONS

Equations (15, 16, Ik, 24, 25, and 26) constitute a set of governing equations
coupled with appropriate initial and boundary conditions. The coupling
between shell side and tube side can also be viewed as a boundary condition
either from the shell side or tube side point of view.

The following two numerical results presented were obtained from the COMMIX-
IHX/SG code.[3,23] The COMMIX-IHX/SG code is a three-dimensional, steady-
state/transient computer code for thermal-hydraulic analysis of heat
exchangers and is developed primarily for LMFBR applications. The shell side
is capable of handling single-phase sodium and the tube side is capable of
treating either single-phase sodium or two-phase flow water. The detailed
description of COMMIX-IHK/SG can be found in Refs« [3,23]. A comparison
between COMMIX results and experimental data are summarized below.

6.1 30° Sector Full-size CRBRP Intermediate Heat Exchanger Flow Model Test

This is an isothermal flow model test conducted by Foster Wheeler Energy
Corporation.[4] The 30° sector, full-scale test model duplicates the Clinch
River Breeder Reactor Plant (CRBSi?) intermediate sodium heat exchanger tube
ibundle configuration, including the tubes, baffles, and inner and outer
ishrouds. The model length, however, is shorter by three baffle spans than the
corresponding IHX bundle. Figure 3 shows the tube bundle configuration and a
vertical cross-sectional view of the experimental setup. The tube bundle has
been assembled with 219 stainless steel tubes of 22-mm (7/8 in.) 0D in an
equilateral pitch of 33.3 mm (1.312 in.). The upper half of the bundle has
,2/3 area overlapping baffles and the lower half contains 1/2 area overlapping
saffle$, Water at. a temperature of 77°C (170°F) was used as a working fluid
{to simulate sodium viscosity and Reynolds number. The full flow rate for the
model was 10.56 m3/mln (1790 gpm), which corresponds to the full flow rate of
the CRBRP-IHX.

- - • ' - • - ' • - • - • • - •
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The COMMIX-IHX/SG computer model of the above 30° sector IHK teat module i s a
two-dimensional, axlsymmetric one, consisting of 9 radial nodes and 76 axial
nodes. Several computer runt were made with different inlet flow rates ranging
from 100 to 10 percent of fu l l flow. The results: for the axial velocity
components at various elevations near the flow baff les are shown in the broken
lines in Fig. 4 for 100 and 40 percent of f u l l flow conditions, respectively°
Superimposed on these analytical velocity prof i les are the corresponding



measured velocity profiles. The agreement between analytical predictions and
experimental data appears satisfactory, considering experimental uncertainties
and analytical complexities. At 100 percent flow rate, the analytical solu-
tion overestimates the axial velocity components, implying that the crossflow
resistance correlation used in the analysis may be conservative. A comparison
for the pressure drop across the test unit is shown in Fig. 5 c The agreement
is quite good, even though the analytical predictions tend to be higher at 100
percent flow, and lower at 10 percent flow, than the measurements.

6.2 AI Modular Steam Generator Test

The Atomics International Modular Steem generator (AI-MSG) is a ccunterflow,
once-through, sodium-to-water heat exchanger with an inverted hockey stick
configuration. Sodium flows downward on the shell side and water/steam flows
upward inside 158 tubes. Sodium nozzles are located some distance away from
water and steam nozzles, and semistagnant sodium regions exist in the tube
bundle between the sodium outlet and the water inlet, and between the sodium
inlet and the steam outlet. The physical dimensions of the MSG are summarized
in Table 1. Further details of the MSG and its operation may be found in Ref.
[24].

The COMMIX-IHX/SG computer model for the AI-MSG unit, shown in Fig. 6, is an
axiaymmetric model with 8 radial and 82 axial nodes, totaling 656 nodes. (See
Fig. 7 for unit configuration.) The active heat-transfer region consists of
axial nodes 11 through 73. The upper hockey-stick bend area is simulated by &
vertical cylindrical section (nodes 1 through 10) because the present version
of the code does not have provisions to model a bend or elbow configuration.
The lower stagnation region is -odeled by nodes 74 through 82. In the radial
direction, the tube bundle is modeled by nodes 1 through 6. Radial node 7
simulated the tubeless space between the bundle and the shell.
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FIGURE 5. 30 degree sector model pressure drop.



TABLE 1. AI-MSG Physical Dimensions

Tubes
Outside diameter (mm)
Tube wall thickness (mm)
Tube length (tubesheet to tubesheet)(m)

Shortest tube
Longest tube

Active heat-transfer length (m)
Active heat-transfer area (m2)
Number of tubes
Average pitch-to-diameter ratio
Material

Tubesheets
Thickness (mm)
Outside diameter (mm)

Shell
Main shell outside diameter (mm)
Main shell thickness (mm)
Header shell outside diameter (mm)
Header shell thickness (mm)

Tube Spacers
Thickness (mm)
Number of tube spacers
Support
Hole diameter (mm)

15.875
2.921

20.88
21.47
17.68
139.0
158.0
1.885

2 1/4 Cr-lMo steel

152.4
482.6

457.2
19.05
609.6
50.8

19.05
24.0

8 tlerods
16.18
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FIGURE G. COMMIX model for modular steam generator.
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TABLE 2. AI-MSG steady-state operation test conditions (102.8 percent power)

Water flow (kg/hr)
Sodium flow (kg/hr)
Water inlet temperature (°C)
Sodium inlet temperature (°C)
Steam outlet pressure (MPa)
Steam outlet temperature (°C)
Sodium outlet temperature (°C)
Thermal duty (MW)

57,800
735,000

246
464

17.9
439
341

32.1

The thermal hydraulic operating conditions used for the COMMIX-IHX/SG simula-
tion model are summarized in Table 2. This steady-state condition corresponds
to 102.8 percent power condition.

In the MSG teat, thermocouples were runted on the shell wall and inside the
tube bundle. The thermocouple data points for Table 3 test conditions are
shown in Fig. 7 as a function of the active heat-transfer length of the
bundle. The solid line indicates the average temperature profile based on
these thermocouple data. Superimposed on this , in broken l ines, are the
analytical results from the COMKLX-IHX/SG code. Fairly good agreement between
the test data and predicted values i s seen.

Alsu plotted in Fig. 7 are the average water/steam temperature profiles. Note
that on the water/steam side, only the inlet water and outlet steam tempera-
tures were measured by test faci l i ty thermocouples. The solid line |water/
steam temperature profile is computed based on the measured averaged sodium
temperature along the steam generator. The discrepancy between the predicted
exit steam temperature (435°C) and the measured value (439°C) is nearly within



I1 ^l>4^--SNR^^am'-Generator -Physical Dimensions
i : 1 1 .

cc

3
C

CO
<

Tubes
Outside diameter (mm) 17.2
Tubewall thickness (mm) 2.9
Heating surface based IWW''\ff 1 °» APT,CLI Ttf)|fc
Active heat transferA^b^RL^g^hr^m^ A F M U A T ^
Number of tubes 139
Tube arrangement Triangular
Tube pitch (mm) 27.5
Material 2 1/4 Cr-lMo steel

Tube Spacer/Support
Number of tube supports 20
Perforation 75%

rJd (W) ^ ' START TYPING ON THIS LINE ON "fy^E PAGE 1

Thickness (mm) 20

The overall tube side pressure drop is computed to be 661 kPa, which compares
favorably with the 669 kPa drop measured in the experiment.

7. DISCUSSIONS AND CONCLUSIONS

The detailed development of a comprehensive, multidimensional, c^ermal-
!£' hydraulic, heat-exchanger analysis computer code is presented. The concept of

porosity, directional surface porosities, distributed flow resistance, and
distributed heat source or sink has been employed on the shell-side fluid to
modify the continuum Navier-Stokes and energy equations to properly account
the blockage effects of the heat exchanger tube bundle. The tubeside flow is
considered as a oultichannel, parallel flow between two common inlet and exit
plena. The conservation equations were put into finite-difference form using
tha implicit continuum-fluid Eulerian (ICE) method and solved on a digital
computer.

The comparisons between analytical predictions and experimental indications
(some of them are presented here) appear satisfactory, considering analytical
complexities and experimental uncertainties, thus lending a credence to the
analytical model. Numerical modeling of heat exchangers can be used for
optimizing design, safety analysis, and scaling. However, there definitely is
room for further improvement in the analytical approach.
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the experimental measurement error band cf ±3°C that was estimated for the
exit steam temperature. From a standpoint of enthalpy pickup by water/steam,
the above discrepancy of 4°C for the exit steam temperature amounts to less
than 0.3 percent difference.
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