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1 Introduction and Background on CoiledTube Gas Heaters

The CoiledTube Gas Heater (CTGH) is a shalidtube heat exchanger designed to act as an
interface between a liquid and gas. The ultimate goal for this heat exchanger is to be used with
different liquid coolants ahgas power conversion cycles, such as liquid sodium with a
supercritical CQpower conversion system. However, there is not a point design for this
application yet. So, in order to develop a simulation for the CTGH, it was necessary to model
based on aexisting system design that uses the CTGH. For this reason, the Mark 1 Pebble Bed
Fluoride SakCooled HighiTemperature Reactor (Mk1 PBHR) was used as the first

application for the simulation.

The Mkl PBFHR is one of the latest high temperaturectes and small modular reactor

(SMR) designs [1]. Because the molten fluoride salt used as a coolant has a boiling temperature
above 1400°C, the coolant remains siAg@se during normal operation and transients. The
resulting low operating pressure medhe reactor can operate at a much higher temperature
range than conventional Light Water Reactors (LWRs). The inlet temperature of the molten salt
entering the Mkl PB-HR core is 600°C, where it is heated to an average outlet temperature of
700°C. However, this higher temperature range means that a conventional Rankine steam cycle
would be less efficient for power conversion than it would for a LWR. For this reason, the Mk1
PB-FHR was designed to be coupled vilte Mkl Reheat A#Brayton Combined Cye

(RACC)for power conversionA diagram of the fulMk1 RACC coupled with thimkl PB-

FHR is shown irFigure1-1.

- 4
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-7 2= inlet cooling system loops Feedwater
| o) . Filtered
<11 A De-fueling Hot well/ gteat R%cover Y Air
2l machines main salt Gas feam en. Generator
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HEEE Blanket pebbles '3 e "
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Figure 1-1. Diagram of Mk1 PB-FHR coupled with RACC [1]

In thebaselineRACC shown inFigure1-1, filtered air from the atmospheiig first run through a
compressor.This high pressure aihen flows through the High Pressure (HF)GH, which in
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this case can be called a Coiled Tube Air ldeadr CTAH, where it is heated by molten salt
from theFHR core. The air then enterarbinel where it undergoes expansion. The air then
enters the.ow Pressure (LPETAH so that it can be reheatbg molten salfrom the core The
air flows intoTurbine 2 where it is expanded to nearly atmospheric pressure and is serdgdb a h
recovery steam generatorRI8G). The design parameters for the Mkl RACC are givehaible
1-1. To further increase power output, natural gas cainjbeted and cdired downstream of
the secon®CTAH [1]. So, in order for this RACC to work efficiently, the £Hs need to be
effective interfaces for heat transfer between the air and the molten salt.

Table 1-1. MK1 RACC design parameterg2,3]

Component Temperature [°C] Pressure[bar]
Compressor Inlet (atmosphere 15.00 1.013
Compressor Outlet 418.6 18.76
HP CTAH Outlet 6700 ~18.70¢
Turbine 1 Outlet 418.6 4.99
LP CTAH Ouitlet 6700 ~4.75

Since the FHR is an SMR, one of the major design goals is to minimize the size of major
components to enable rail transportability. For this reason, the Mkl CTGH uses a spiral
geometry for the tubes to minimize the tatalume of the heat exchanger while maximizing the
heat transfer surface area between the liquid and gas. Thsidebsalt flows into the top of the

Mk1 CTGH through four inlet manifold pipes. As the molten salt flows down the manifold

pipes, it can b distributed to one of the 36 tube dumdles. These sthundles are stacked on

top of each other, separated by spacer pldtegire1-2 shows a CAD model of a Mk1 sub

bundle, andrigure1-3 shows aCAD model of the full Mk1 CTGH In each of the subundles,

the molten salt flows inward through multiple small tubes in a sloped, spiral pattern until it
reaches one of the four inner manifold pipes. The salt then flows through these pipes until it
exits the CTGH through the bottom of the heat exchanger. For the shell side, high or low
pressure air enters through the bottom of the CTGH and flows upward through the center of the
subbundles and then radially outward through the spiral tube bundles) ate arranged in a
staggered pattern, as showrfigurel1-4. The air then flows upward through the outer annulus

of the pressure vessel until it exits the top of the CTGH. Using this arrangement, the CTGH acts
essentially as counterflow heat exchanger. The hot salt inlet heats the hot air that is leaving the
CTGH bundle, and the cold salt that is exiting the tubes heats the cold air entering the bundle.
This means that the temperature difference between the salt andaimseelatively small

across the heat exchangiproving overall heat transfer for the CTGH.

L CTAH outlet pressures are based on a rough estimate of head loss of the air flowing through the
CTAH.
2 All CAD models were created using SOLIDWORKS
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Figure 1-2. CAD model of a Mkl CTGH subbundle

Figure 1-3. CAD model of singlefull Mk1 CTGH
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Figure 1-4. Staggered tube arrangement of CTGH tube bundfe

The nominaparameterbased orthedesigns of thélkl PB-FHR and the RACG@re given in
Tablel-2.
Table 1-2. CTGHs Inlet & Outlet DesignParameters

Parameters Salt Air
Inlet Temperature [°C] 700 418.6
Inlet Pressure (HP/LP) [bar] ~3.0/~3.0° 18.76/4.99
Mass Flow Rate [kg/s] 418.5 480.2
Outlet Temperaturg®°C] 600 670

With these parameteri is assumed that CTGH has an effectiveness of 0.9 to produgidine
outlet temperatures. A finite volume computer code, called the Transverse Heat Exchange
Effectiveness Model (THEEM), was developadVIATLAB to analytically predict the
approximate effectiveness of one of the CTGH-Buhdles, subject to simplifying assumptions
about the flow distribution that will be studied in future versions of the code. THEEM 1.0 was
developed based on aX®andysis of the heat transfer for the CTGH created in excel. THEEM
1.0 started out as al2 simulation that could calculate the heat transfer and temperature
distribution that occurs across a single tubelsudle. The 2D simulation alsa@ancalculate

the pressure distribution for both the air and molten salt that flows through tHeusdlbe.

THEEM 2.0 expansion THEEM 1.0 byremoving many of the simplifying assumptions ahsb
including a BD analysis performed in MATLAB. Both theD and 2D codes wi be discussed
in more detail in the following sections of tlpaper.

3 The solid red tubes represent the heating elements that preventesaitgii@ the CTGH

during shutdowns and other anticipated occupational occurrences.

4 The salt inlet pressure is only an approximation based on the expected salt head loss in the
CTGH.
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2 THEEM 2.0: 0-D Analysis

2.1 0-D Methodology

The 0D modelworks by calculating the total heat transfer area for the tube bundle and then
calculating the average heat transfer propediessingle point in the center of the bundle. The
0-D analysis uses similar inputs as thB 8imulation, but it assums¢hevalues for theoutlet
temperatures and overall heat transfer for the gas and liquid. It then calculates the overall heat
transfe coefficient,”Y, by treating the CTGH as a simple cross flow heat exchavigefully
developed flow It calculates the properties at the mean of the inlet and outlet temperatures for
the gas and liquid, respectively. Also, for the gas flow through the tube biindles a flow

area based on the diameter of the bundle halfway between the inside diameter and outside
diameter of the bundlefFigure2-1 highlights this location. Finally, the total tube surface area,

A, is calculated for thentire CTGH tube bundle. The total heat transfer can then be calculated
using the log mean temperature differe(fiddTD) formula:

0 "0 Y62 VY p

HereY'Y s the logmean temperature difference, afiis the F-factor of the heat exchanger,

the ratio of the actual heat transfer to the heat transfer possible if this vdesecounterflow

heat exchanger. This represents how close the heat exchanger functions to an actual counterflow
heat exchanger. Theanalysis can quickly show how changing certain aspects of the

geometry, or even the point design, can affect tieeadvheat transfer area and/or théactor.

Figure 2-1. Location of overall heat transfer coefficient calculations in the O model

The Ffactor corrects for the actual flow distribution in bundle, pisased to perfect counter
flow, and is calculatedsing2-D and3-D bundle calculationsThe 0D modelthen provides the
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capability to rapidly calculate and optimize the performance of bundle designs with different
surface areas (numbers and lengths loés) and other design parameterhis model is
relativelyflexible when it comes to working with different heat transfer fluid$e

thermodynamic properties tie liquid and gaareobtained frormfunctions with their properties
based on the tempera#srand pressure of the liquid and the gas. Using fhesBonsmeans

that the @D codecan work with different fluids and can choose which functions to use based on
the user input. Also, the user input and geometrical calculations bafieeserinputsnake it

easy to modify the geometry of the CTGK/hen a desirable-D design is identified, the-B

model can be used to verify the correct value oFRdfiactor.

2.2 0-D Calculations

2.2.1 User Input and Thermodynamic Properties

The first section of the-D codeimports an input file with various input variables defined by the
user. The user gives both geometrical parameters of the CTGH and the inlet conditions of the
liquid and gas. For the geometry, the user defines the outside diameter of eqh)itthe
thickness of those tubég), the tube material, the transversevertical, pitch-to-diameter ratio

of the tubes in the bund(€Y), the longitudinglor radial pitch-to-diameter ratio of the tubes in

the bundlgY), and the number ofduid manifold inlet0 ). For both the liquid and

gas inlet conditions, the user defines the mass flow (ate® & ), the inlet pressures

(05 QU §), and the inlet temperaturés: Q“Yx). The userlso choosethe type of liquid and

gas that is being used.hen, he user must give the outlet temperatures for both the gas and the
liquid ("Y; Q7Y ). After loading the variables from the input file, the program calculbees t
average temperatures of both the liquid and the gas based on their inlet and outlet temperatures
'Yy Q7Y ). Italso calculates theMTD:

. % Y Yo Va
Y 6 -vo - q
o bl Y0

Yo Y

The program then calls a functiondbtainthe thermodynamic properties for the liquid and
anotherfunction toobtainthe propertie$or the gas.The program selects which functions tm
based on the user’ s Teedapuefarthe ganfunotion isghe sleta nd | i
pressure and the average temperature of theTgasinput for the liquid function is the average
temperature of the liquid. Finally, this sectidafinesthe poperties of the tube materiahsed

on the user’ ' s Fonthe GO modellthe enly preperty needed for the tube

material is the thermal conductivity.

2.2.2 CTGH Geometry

This section of the code determines the geometry of the bundle. Firsbdiaspecifies the
number of sutbundleg(0 ), the thickness of the spacer disk ( ), the number of tube
rowsper layereaving each manifol¢h ), the number of tublyersper subbundle

(6 ), the number of tubes replaced by a heater rod in each léyer ( ), the inside
diameter of the tube barfl® ; ), the number of timesachtube loofs around the center

(6 , the number of tie rod gad ), and he width ofeachtie rod gap® ). Figure2-2
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shows the difference between tube rows and tube layers along with the difference between the
transverse and longitudinal pitches using the CAD model showigurel1-4. Given this
informationand the geometrical data given by the user it code then calculates the total
number of tube the bundleexcluding theheater rods:

o 0 2§ 2 2§ o o

S

L

Figure 2-2. Definition of Geometric Variables in CTGH

Next, it calculates the number eérticaltube rows, includingctud tubes and heater rods, in the

radialdirection:
0 cz0 z( z( T

Since the layers are staggered, a factor of 2 is needed to include the tube rows that correspond to
the stagered layers. Then, based on the number of vertical tube rows and the tie rod gaps, it
calculates théotal width of the tube bank

6  02Yz0 0 2o v

Using the total bank with and the inside diameter of the bundle, the code calculates the outer
diameter of the bundle and the diameter at the middle of the bundle, which is highlighted in
Figure2-1:

O 0O j G20 0

: O O

O & c X
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The code then calculaéhe height of each subundlein the verticaldirection not including the
spaer disk between each bundle: i
0
O 0 z27Yz A U
G
Next, it finds the total height of the bundle, including the spdisks:
O 0 z 0 0 W

Then, it is possible to find the average overall flow area for the gas through the bundle, which
corresponds to the flow area at theliallocation highlighted irFigure2-1:

0 “z20 g z "0 0O 20 p T

Finally, this section of the code calculates the average tube length by multiplying the
circumference of theadial centerof the tube bundle by the number of times each tube loops
around the bundle. Then, it uses that length along with the total number of tubes to calculate the
overall surface area for heat transfer between the gas and the liquid in the bundle.

0 6 220 4 pp

0 0 z “z0z) P q

2.2.3 Gas Cross Flow Heat Transfer

The next section of the code calculates the heat tracsédficient of the gas. The code uses the
area at theadialcenter of the bundle, which is the height of the bundle multiplied by the average
diameter of the subundle, as the cross flow area for the gas flow. This location is highlighted
in Figure2-1. It uses this area and the pHchdiameter ratios to calculate the maximum

velocity of the gas and its Reynolds numbEor the CTAH in the Mkl PB-HR, the codeuses

the Grimson Correlation, which calculates the heat tracskefficient forgasflowing over tube
bundlesusing the following Nusselt number correlation

066 O0VYQ po
This correlation is used when there are more than 10 tube rows, so that the gafuflgw is

developed in the tube bundles. It also corresponds to the following range of Reynolds numbers:
2,000 <YQ, <40,000. This correlation is also used onlydwor therefore, it is only valid for

Pr=0.7.0 andd& are found usingrapirically derived tables given by Incropestal.[4].

Their valueddepend on the transverse and longitudinal pitetiiameter ratios for the bundle.

In Equation12, 'Y, refersto the Reynolds number calculated using the maximum velocity
of the air flowingradiallythrough the tube bundle. This corresponds ta#stlowing through

the smallest cross sectional area between the pipes. The Reynolds number is given by:
” ’O L‘)
YQ — pT

O is the outer diameter of the tubés, thedensity of the gas, anld , the dynamic viscosity of
the gas. The maximum velocity, , isfound by multiplying the average velocity of the gas

CTGH Simulation Methods 12|31



by the ratio of the tail gas flow area of the tube bundle by the smallest flow area between the
tubes. In order to reduce anisotropic gas flow, the tubes are arrasgeldse as possible 4o
equilateral pitch pgern, which affects the ratio of flow areas. In thiangerant the equation
for maximum velocity is:
, ‘ Y
V) 0 — v
Y p P

The average velocityy , is based on the mass flow of the gas, and the overall gas flow
areal i

0 A PO

After calculating the Nusselt number, it is possible to find the convection heat transfer
coefficient for the gas using the definition of the Nusselt number and the thermal conductivity of
the gas. The convectidheat transfer coefficiemnd thenused to find the thermal resistivity of the
gas.
006270
A P X

Y Py

O
L
Q
2.2.4 Liquid Flow Heat Transfer

For the liquid flowirg through the tubes, tleD code uses a straight pipe Nusselt number
correlation. It uses the correlation for fully developed laminar flow with a constant wall
temperature:

06 oo P W

Similar toSection2.2.3 the Nusselt numbeés used to find the convection heat transfer
coefficient for the liquid along with its thermal resistivity:

6620
O cn
v ©0,P
—_Z —
Y 00 cp

2.2.5 Surface Area Requirement

First, this sectioralculates the desired heat transfer based on the gas inlet and outlet
temperatures, the gas heat capacitance and the gas mass flow rate:

~

O & o0 Yy Yj C C

Using this desired heat transfer rate, the code then finds the surface area required to obtain this
rate assuming that the heat exchanger is a perfect counterflow heat exchanger with aaeunterfl
correction factor oF=1.0: ~

0

VYN < ©
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The overall heat transfer coefficief, is found using the liquid and gas heat transfer
coefficients foundrom thethermal resistivity formulas Equationsl7 and20 along with the
thermal resistivity of the tube wall

Y oag— z— QT

In this equation’Q is the thermal conductivity of the tube wall. Using these thadges for
resistivity, the codéhencalculatesoverall heat transfer coefficient
x P
Y e
Y Y Y <Y
It then calculates the minimuRfactor required to obtain the desired heat transfer. It does this
by takng the ratio between the ideal counterflow heat exchanger surface area and the actual
surface area:
5
5

0 C o

If "O is greater than 1, then it is impossible for this heat exggrageometry to obtain the
desired heat transfer given the liquid and gas inlet and outlet conditions.

Next, inorder to calculate the effectiveness of the heat exchangerDhadiel uses the
following formula:

- ¢ X

0 is the maximum heat transfer possible for the heat exchanger tgvalet conditions
0 o6 " Y: cy

o) Gt 6 M 6 Cw

2.2.6 Pressure Drops

This final section of the code calculates the overall pressure drop of the liquid and the gas across
the CTGH bundle. For the gas pressure drop, it uses the Zukauskas corf4ldtioa gas
flowing through a staggered tube bundle:
n z Al
W oOQz.z z—— o
C
In this correlation, the friction factoiQ , and the correction factor, are found using empirical
chartsin Incroperaet al. [4]. These values are based on the gas Reynolds number along with the
tube pitchto-diameter ratios’Y and™Y. 0 is the number of tube rows that the gas massp
through, which is given by the CTGH geometry section of the code. refers to the
maximum gas velocity calculated $ection2.2.3

For the liquid pressure drop, since it is liquid flowing through a pipe, the Baetgbach
equation is used to measure the frictional pressure logsffow through the pipe:

0]
z" z O-p

o5 V]
Yo Qz:
O q
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In this equation, the fluid is assumed to be laminar and, like the heat transfer coefficient
calculation, the tube is tresd as if it was straight. For this reason, a laminar, straight pipe
correlationis used for the friction factor:

o @
0 o6

” é ’O

QT
Z

YQ

In Equations31 and33, O is the average length of the tubes in the CTGH buit@lthe

inside diameter of those tubés,the density of the liquid, the dynamic viscosity of the liquid,
ando the average velocity of the ligliflowing through the pipes based on the average liquid
mass flow rate through each tube anddtusssectionallow area of each tube.

After all of these calculations are performed, the code then saves alhafrthislesto an output
file.
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Figure 3-1. THEEM 2 -D Simulation Flowchart
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THEEM 1.0 wasoriginally written as &-D simulation code. The code performs a finite volume
simulation on a D cross section of one of the shbndles. The simulatiorthen calculatethe
effectiveness of the stltundle, the total heat transfer, the heat transfer distribution, and the
temperature and pressure distribution of the liquid and gas across therslie. This section
explains how th@-D simulation was originally developed for THEEM 1.0 along vhitw the

code wasipdatedo version 2.0 to reduce many of the assumptions made in version 1.0. A
flowchart summarizing how the2 simulation works is shown iRigure3-1.

3.1 Finite Volume Element Selection

To perform a finite volume simulation, the first sispo determine the size and geometry of the
finite volume element thati be used in the calculations. The first constrenb make the

volume elementsnsall while still being able to model the geometry of the tube bundle. The next
constraintis that the volume elements needed to be close to cubic in shape to dineplify
geometry. There also neetdsbe few if any partial volume elements. In other wptis

vol ume el ement s’ geometri es nleuedteintorderboe consi s
simplify the calculations.

Ideally, one volume elemenarbe used to section the entire CTGH. For example, because each
of the subbundles in the original kL design is made up of 28diallayers, the number of

vertical rows in the geometry should be a factor of 20. Also, because the original Mk1 design
has 60 tube rows in the radial direction, the number of rows in the volume elemestioneea

factor d 60. Therefore, in order to meet these constraints while maintaining the overall sense o
the tube bundle geometry, & determined that the volume for the original Mk1 design should
have 5 layers and 5 vertical rows. Then, in order to cut the volarmasithally, the CTGH was
sectioned evenly so that the volumes were approximately cubic in shigjpee 3-2 shows a

typical volume element. This method of sectioning thelswixle into approximately equal

finite volume elemest meant thatin the original Mk1 desigritherewere four rows of volume
elements vertically, 12 rows radially, and 108 sections azimuthally for eadbusdle. Figure

3-3 shows a top view of the radially sectioned-fuindle.

Figure 3-2. Example of a finite volume element
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g
Figure 3-3. Top view of radially sectioned Mk1 CTGH subbundle.

The general geometigthe same for eaabf these volumes. However, the dimensicais

change depending on the radial position in the grid. The height of each volume and the width of
each volume in the radial direction remsatonstantespitethe position of the volume in the

grid. Even thoul the tubes spiratildownward, they all slogedown at the same angle. So, the
volume elementhave the same number of tubes with the same spacing arellsaight. These
dimensionghange based solely on the pitch of the tube bundle and the diamétetdies.

However, the length of the volume in the azimuthal direction chelraged on the rowumber

in the radialdirection. The THEEM codeakesthis into account by incrsang the azimuthal

length of eaclvolume elemenas its radial distance frothe center othe CTGH sukbundle

increases

3.2 Simulation Inputs

One of the ultimate goals of the THEEM development effoid introduce an optimization
capability that will find the geometry that gives high heat transfer effectiveness, while
minimizing the overall heat transfer volume. This means that certain parameters of the CTGH
model need to be easily adjustable. When tBestmulation is initialized, the MATLAB

program asks for the following inputs for the CTGH geometry: (i) the outer diametaclof

tube O ), (ii) the wall thickness of these tube3, ((iii) the longitudinal pitckto-diameter ratio of

the tubes in the bund(gY), (iv) the transverse piteto-diameter ratio for the tubg€sy), and (v)

the number of inlets for the CTGHd ). The number of inlets refers to the number of
liquid manifold pipes feeding each sbhndle. The Mkl CTGH has 4 manifold pipes, as seen in
Figurel-2 andFigurel-3, but modifying tke number of inlets can affect the overall
effectiveness, thus, the number of inlets is classified as an input variable.

The 2D THEEM model is also designed to simulate different fluids with variable inlet
conditions, like the D MATLAB code. The 2D simulation requires the user to specify the
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type of gas and liquid flowing through the heat exchanger, the tube material, and the inlet
conditions of the gas and liquid. The required inlet conditions are the inlet temperatures
" O"Yj ), theinlet pressurd® ; QU j ), and the mass flow rates for each fl(ad Qa ).

3.3 Simulation Calculations

Using the program inputs from Secti8r2, it is possibleo determine total heat transfer as well

as the temperature and pressure distributions of the liquid and gas across the CbhGhtiteib

This section describes the calculations that the code performs to obtain this information. Many
of these formulas agmilar to the 6D calculations. However, these calculations are used for a
single finite volume element instead of the entire CTGH tube burdies section also

highlights and explains why some correlations used in4#Dec@de are different from tH&D

version.

3.3.1 Thermodynamic & Heat Transfer Calculations

In order to find the heat transfer as well as the temperature of the gas and fluid flowing out of
each volumethe following equations/ere used for each control volume:

Gﬁ ao "Yﬁ "YFI OT
Up O O Y . Yh ouv
c ags Yi Y Yi Y o
Up YOp? (o ()
S C

where0 fis theheat transfethat occurs in the volume calhd™Y 9y, is theoverall heat transfer
coefficientmultiplied bythe surface areaf the tubes inhe volume These 3 equ#ns have 3
unknowns: (i) the outlet temperatures of the §¥s, P (i) the outlet temperature of the liquid,

Y , and (iii) the heat transfer rate,. The inlet temperatures are either the inlet

temperaturesforthe TGH or t he previous volume’ s outl et
mass flow rates are calculated by evenly dividing the overall mass flow rates over each of the
volume cells. The liquid mass flow rate is calculated by evenly dividing the flow ratediet

each sukbundle and each manifold inlet. The heat capacities are temperature dependent
properties of the liquid or gasY oy, can be calculated based on thermodynamic and fluid

properties of the tube bundle in the volume element.

For each volume element, theerall heat transfegoefficient,”Y § is calculatedgiven the
thermal resistance of the liquid in the tube, , of the tule wall,”Y , and ofthe gas outside of
the tubesy

- P

Yo Ty Y 9 X

The thermal resistivity of thiquid, 'Y , is:
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whereQis the convective heat transfer coefficient of the ligaig, the number of the tubes in
the volume elemen®) the inside diameter of the tube, dnthe length of each tube in the
volume element. The lengétnd number of tubes are based on the size of the volume cell, and
the inner diameter isased off of theiser input. However, the convective heat transfer
coefficientis calculated using theefinition of the Nusselt number.

.. Q0

0o o 0w

The thermal conductivity of thiggquid, 'Q, is a temperature dependent property of the fluid. In
both the 6D code and THEEM 1.0, the programeed the laminar straight pipe corredatio
calculate the Nusselt number. Howeube 2D simulation iInTHEEM 2.0 takes into account
the possibility of different flow regimes and the curvature of the tubes. In order to take into
account theubecurvature, the program calculates anottlienensionless number: the Dean
number,0 Q The Dean number is a modified version of the Reynolds number that asfoyunt
tubecurvature

e O

0Q Y& — T

czY

Y  representshe curvature of the pipe. When the Dean nunsased, the Reynolds number
criteria that determines the flow regimealsomodified. The new flow regime criterae[4]:

O

"Yi ¢ i BYRE HODOEWQ ¢ oTmENp P ¢ v
Also, by using the Dean number, the Nusselt correlation changes to account for the effect that the
tubecurvature has on the flow and heat transfer characteristics of the liquid. Editagiors

the Nusselt coelation for a curved pipeith laminar flow[6]. Equation 4Qives the Nusselt
correlation for a straight pipe with turbulent figdJ. It has been found that the curvature of

pipe has little effect on the heat transfer characteristics of the pigeflbth is turbulen{4], so

this approximation should be sufficient:

(9% 11

oy 8 T&TO- (’='Y 'OQ I

00 Yo® v X piﬁ)U?ﬂJT TP
'l p *M P "XX"'
P LIZ0Q O LY
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In Equations4and2,0ii s t he | i qui d’ Sisthe frictiod factor for thenb e r

liquid, which is defined in th&ection3.3.2 T&king into account the curvature of the pipe can
greatly improve the expected heat transtégure3-4 compares how the Nusselt changes with
the Reynolds number for the straight pipe correlation and the curved pipe correfatighe

curved pipe correlation, the Nusselt number was calculated using properties and geometry that
are seen in the Mkl design. The Prandtl number is 14.57, which is the Prandtl number for flibe

and

saltat650°d5], t he tube di ame,tadthe ¢uwvatube.ofzhe tuhe is®.88ng . 3 5

which corresponds to the middle of thik1 CTGHbundle Figure3-4 shows that as the

Reynolds number increases, the curved’pipe Nussel t number increases

that the arved pipehas much better heat transfer than a straight pipe.

Curved Pipe

D=6.35 cm
Pr=14.57

R =0.98 m

curv

Straight Pipe

Nusselt Number

0 500 1000 1500 2000 2500 3000 3500 4000
Reynolds Number

Figure 3-4. Straight pipe vs. Curved Pipe Nusselt Numbers.

Next, the thermal resistance of the tidbealculated as:

Y (x:l:’o z
T~ ~ n TG
O ¢z*z°Q zu

The outediameter)O , is given by user input, the thermal conductivity of the tiDe, , is
a property of the tube material, amds thelength of the tube based on the size of the volume

element.
The thermal resistivity of the gas flowing over the tubes is:
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As for the liquid thegasNusselt numbeisidefined using the convective heat transfer
coefficient:
L, Q%0
006 = TU
Q

There is also a difference in how thé&Zimulation calculates the gas Nusselt number compared
to the OD model. The @ modd uses the Grimson correlation, but this correlation is only
applicable for air flowing through a tube bundle. In order for the code to be flexible and use
different liquids and gases, the correlations need to have more diverse applications. For this
reason, the 2D simulation code uses the modified Zukauskas correlation:

e e 5 1
06 606YQ Ul8—i T ¢

Ca Ca

This correlation can be used for gases whthfollowing parameters:
™ Ui UVTTm

plt 'Y Q ¢ pT

These ranges are large enough that this correlation should work for almost any gas and gas flow
rate thatwvould be used in the CTGH. In this correlationandd& are obtained from empirical

chart data based on the gas Reynolds number and thegdameter ratios for the tube bank.
These charts are listed in Incropetaal.[4]. 0 i is the Prandtl number of the gas based on the

gas temperature, aidii s t he gas Prandt | number based on
surfaces. Finallyd is a correction factor based on the number of tube rows. If there are more

than 20 tube rows, the gas flow is assumed to be fully developetl ahd). When there are

less than 20 rows) < 1.0 since the flow is not fully developed. this ase, the valuef 6 is

based on the number of tube rows that it has passed through. For the case of the original Mk1
CTGH design, each volume cell has 5 tube rows, so the flow is assumed to not be fully

developed until after the 4th row of wohe elements. So, the inner rows of the bundle Bave

1.0 while the rest of the rows are calculated with1.0.

ThegasReynolds numbemaximum gas velocity, and average gas velocitcaleulatedor

each volume elementsing the same mails thathe 0D analysisusesfor the entire bundle

usmg Equatioa13-15 with only two differences. The first difference is that the gas flow area,

0 | ,represents therosssectionaflow area of an individual volume element insteadhef
flow area of the entire CTGH bundle. The second difference is that the overall gas mass flow
rate,a , is replaced by the average gas mass flow rate flowing through one véluge,

3.3.2 Pressure Drop Calculations

The 2D simulation ato estimates the pressure distributions of both the liquid and gas by
calculating the pressure drops across each volume element. Therefore, the formulas for the
liquid and gas pressure drop for each volume element are almost identical40 the O
calculatons.
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For the liquid, the pressure drop across a control volume is calculated based on the formula for
frictional head loss flowing through a pipe, under the assumption that the pressure drop across
each tube in the control volume is equal. Like tHe €ode, the 2D simulation usethe Darcy
Weisbach equation:

VO Q¢ v 2n 29 T X

o) c
The density and viscosity are temperature dependent properties of the liquid, the length of the
tube in thevolume, 0, is based on the size of the volume element, and the liquid velogity,
is found using the mass flow rate through each ttibe, This mass flowate through each tube
is assumed to be the total mass flove raf the liquid divided by the total number of tubes in the
CTGH. The main difference here between tHe odel and the-® model is the calculation of
the friction factor. The D model assumes a straight pigmrelation for the friction factor, but
the 2D model takes into account the curvature of the pipe. These friction factor formulas
depend on both the Dean number and the flow regime. If the flow in the pipe is laminar, then
one of the following formulas are used depending on the Dean nidber

9T

Q YO O0Q om T Y
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Q —— Q

YO onm O0Q onm T W
" _X& S~ Y
Q—,Y,QI/IOQ OQ ¢cmmm VTt

If the flow in the pipe is turbulenthen the following equatiois used to find the friction factor
for the liquid[4]:

, 8
"0 n&%rolpL 2'yQ 8 L p
qzY

For the gas flow, the pressure drop is predicted using the same Zukauskas formula for pressure
loss over a tube bank from theéDOcode:

Yoo Qz.z0y e L G

The friction facor, "Q , and the correction coefficient, were found from graphs that were

created using empirical data irchoperaet al.[4]. Since these coefficients could only be

obtained from inspectioof these graphs and they did not change much over the flow regime in
the CTGH, they were assumed to be constant based on the flow regime in the middle cf the sub
bundle (f=0.2and ..=1.15). The maximum air velocity was found using Equations 14 and 15.
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The main difference between theéD code and D code pressure drap0 ; . For the 2D
code,0 j, represents the number of tube rowguist the volume element instead thetotal
number of tube rows in the bundle.

3.3.3 Heat Exchanger Efectiveness Calculations

Once the simulation calculates the temperature, pressure, and heat transfer distributions for all of
the volume elements across the-tuindle, it then calculates both the overall heat exchanger
effecti veness,-factor for hensttbundieeF. dhe effeciavieriess formula is:

V)
= ~ U 0
V]

The programihds the actuaheat transfer) , bysumming the heat transfer of each volume
element found usg Equations$34-36. The maximum heat transfer for the heat exchanger is
found using

0 0 Y T

The temperatures in Equatiéa represent the inlet temperatures for the entirelaurdlle, which
are assumed to be the same as the inlet temperatutés ICTGH. Thequation fold  is:

o) d Qe 6 M 6 SH0)

TheF-factor is calculated using the sanoeriula from the €@ model by comparing the actual
heat transfer to the heat transfer expected in an ideal counterflow heat exchanger using the
LMTD method. For this reason, this can act as a point of comparison betweeb thedkl
and the 2D simulation

o !

Noz Y ¢

However, the 2D simulation still has to calculate the overall heat transfer coefficient for the sub
bundle,’Ya It does this by averaginyfor every volume element, and somimg all of the
surface areas of each volume element to obtain the total heat transfér. aféa, logmean
temperature difference is the same as therfodel:

. YUY Y "Y
Y'Y i hY ;‘ i L X
6 g— "N

The temperatures in Equatioii &re the inlet and outlet temperatures for the entirebsunlle.
The inlet temperaturdsr the bundleare assumed to be the same as the inlet temperatutas fo
CTGH.

The 2D simulation predicts effectiveness of 2Zross section of one of the sbbndles.

Since the simulation assumes equal flow of liquid and gas through eabhrsik, it gives an
upper bound on the overall effectiveness for the @ikl CTGH.
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3.4 Simulation Methodology

In order to solve Equatior&l-36 simultaneouslyTHEEM stores the gas and liquid temperatures
and the heat transfer values for all of the volume elements in three matrices. The row in the
matrices corresponds to thali@ position of the volume element, starting from the inner row of
volume elements. The columns of the matrices correspond to the azimuthal position of the
volume element, increasing in the clockwise direction. For example, using the Mk1 Design for
the CTGH with 4 inlets, the subundle is separated into 12 rows with 108 azimuthal columns,
making the Mk1 liquid temperature and heat transfer matrices 12 x 108 matrices. The gas
temperature matrix is a 13 x 108 matrix to account for both the inside asideetiges of the
subbundle.

THEEM solves these equations simultaneoushysolving the matrix equation, AX=B. Ais the
coefficient matrix, X is the variable vector, and B is the vector containing all the constants of the
equation. When the programitiates, the only known values of the temperature matrices are

the inlet temperature values for the gas and liquid. The other values of the temperature matrices
and all of the heat transfer values assigned a value of However, they each correspaioca
variable in the variable vector, X. This also means there is a corresponding column in the
coefficient matrix, A, for every liquid and gésmperature}Y and "Y . andfor the heat

transfer rate in each volume,;. Each row inmatrix A corresponds to Equatic#, 35, or 36
for each volume element.

Next, THEEM 2.0 determines the order of the volume elemieased on their radial and

azimuthal positions, i and jThe liquid flows in a spiral pattern towards theteeif the sub

bundle. This means that as the liquid flows in a clockwise direction, the next volume element
will have a different azimuthal position, but it may also have a different radial position as well.
The algorithm for how THEEM 2.0 chooses volel elements is shown Figure3-5. For each

volume element, THEEM also accounts for gas flow. However, due to the assumption of purely
radial gas flow, the el ement’s radidstayphesi ti o
same. For gas entering at (i, j), the next position will always be (i+$0j)the program starts at

the volume element of one of the liquid inlets and calculatesehttransfer and pressure drop
equations for that volume element. Thiefollows the direction of the liquid and calculates the
equations for the next volume element. It repeats this process moving in a clockwise direction
towards the center until it has looped around thelbairglleandreached the corresponding outlet
manfiold pipe. One of these loops is showrFigure3-6. Then, it starts again with another inlet
and follows that tube bundle loop until it reaches its outlet manifold pipe. It repeats this entire
process for all bthe loops inthe subbundle.
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Figure 3-5. THEEM 2.0 Volume Element Selection Algorithm

CTGH Simulation Methods

i=max valus

j=azimuthal pesition of next lop's enfrance

v

Perform TH
Calculafions on
Element

<

i

5 the elementin line with a loog

nd of Loop

re the

anymaore
loops?

26|31



Figure 3-6. Example of a loop path for the simulation

While moving aroundhe bundé loop the progranalso calculatethe coefficients for most of

the gas temperature variables. However, this method assumes that there are no gaps between the
tube bundles in the radial direction. Rigure3-7 shows, there anaultiple gaps for the tie rods

in each sudbundle. In order to account for these extra 2 rows of grid spacing, the program adds
another 2 rows in the temperature, pressure, and heat transfer matrices. Since there is no tube
bundle in these rows, the cesponding spaces will remain blank in the liquid and heat transfer
matrices. However, when the gas flows through these gaps, there will be some mixing. For

now, the program assumes there is perfect azimuthal mixing of the gas in these gaps. Each gap
is bound above and below by the disk spacers between eatiusdle. The gaps are bound on

the sides by the tie bar holders, as showFigure3-7. Since these are stacked so there are no

gaps between the holdetse gas will rot penetrate them. The program averages the

temperatures of the gas entering the gap and assigns it as the outlet temperature for all gas
leaving the gap. It is also assumed that there is little to no pressure loss across these gaps. In the
future, theprogram will be modified in order to model gas mixing more realistically in these

gaps.
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Figure 3-7. Closeup of gaps in tube subb

To calculate the coefficients and constants for A, B, and theyseedsop equations, it is

necessary to find the temperature dependent properties discussed in &8ctivhen the

program is initialized, the only known temperatures are the inlet temperatures. So, for the first
run, the pogram calculates the liquid and gas properties, it calculates them all at their respective
inlet temperature and pressure. Then, once the temperature and pressure distributions have been
calculated, the program starts the entire calculation process ag@mwever, this time the

temperature dependent properties are found using the average of the respective inlet and outlet
temperatures and pressures for each volume element. It repeats this process until there is less
than 1% difference in the previouslglculated temperature distribution and the current

temperature distribution or it has repeated this protessimes. Afterfive calculations, there

is usually less than 5% difference between the old and newly calculated temperatures. This is
doneto save on the run time of the program.

Once the program has finished the heat transfer calculations, it then calculates the overall
effectiveness of the sebbu n d | e . Fi nal | yD,shaded surfage pMtAifiity, /&8 s 3
program can plot the temperataned pressure distributions of the liquid and gas and the heat
transfer distribution across the CTGH duindle.

3.5 THEEM 2-D Simulation Simplifying Assumptions

For the 2D simulation, a relatively fine finiteolume element size and grisl selected.
Currerily, there are several simplifying assumptions that were made about the gas, the liquid,
and the geometry.

For the shell side gas,ig assumed that the gas flow is distributed evenly between all 36 sub
bundles. Then, for each sblindle, itis assumethat the velocity of the gas only has a radial
component that is independent of the azimuthal angle. , €wasy volume cell will have the
same gas mass flow, no matter the position azimuthally. Also, as mentioned in the previous
sectionthe progranassimes that there is perfect mixing of the gas in the tie rod gaps with no
pressure loss.
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For the tube side liquid, the program also assumes that the liquid flow is distributed evenly
between all 36 subundles. For ezdh subbundle, the liquid flows assumed to be distributed

evenly betweell of themanifold pipes and all of the tubes. This implies that the modet over
predicts effectiveness, compared to the realistic condition where flow distribution is not perfectly
uniform.

For the geometry, thmodel does not calculate the effect of the inlet manifold pipes on the gas
flow. It assumes the geometry of the pipes leading into the manifold pipes have the same
geometry as the rest of the tube bundle. The model also does not take into accdtetttot e

the gas manifold inlet. It treats the gas duct as perfectly adiabatic so that the inlet temperature of
the CTGH is the inlet temperature of each bundle. It also does not takedotniany pressure

loss that may occur in the duct leading aphte CTGH sukbundle. Similarly, it assumes that

the liquid manifolds are adiabatic and that there is no presssgdéfore entering the tubes.

Finally, the 2D simulation does not account for vibrations in the tube bundle. A large flow rate
of gas hrough tube bundles can lead to flowduced vibrations where the tubes rub together,
leading to tube failure. In order to prevent this,-&itiration spacers will be installed.

However, these spacers will block some of the gas flow and reduce thé gasiffow area

through the tube bundle. The code does not yet take into account how the gas flow will be
affected by these antibration spacers.
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4 Conclusion and Future Work

The main focus of future work on thel2simulation will be dealing with theimplifying
assumptions that are discussed in Se@idn An analysis of flowinduced vibrations in the

CTGH tube bank will be performed in order to determine the size and placement ofthe anti
vibration rods in the tube bdtes. Once the rods have been incorporated into the design, it will
then be possible to include their effect on the air flow calculations. With the construcéion of
new CTAH mockup and further research, it will be possible to understand how the as flo
through the tie rod gaps. Once this is understood, it should be possible to incorporate this into
the model. Then, further experiments will befpened using this mockip, CTAH Mock-up

2.0, in order to perform more accurate code validation. Thereailsa be some further work on

the assumption of purely radial flow. It may be possible to look at CFD programs to get an idea
of how to model the flow more realistically between each volume element. It also may be
possible to increase the size of théumee elements. This may give more accurate estimations
since the simulation usempirical formulas that account for azimuthal and vertical flow as well
as radiaflow.

Other future work includes the development of@ 8imulation and a program thatilds the

optimal CTGH given a point design and desired physical constraints. -Drer3ulation will
perform a 2D simulation on all of the subundles instead of one. It will give a vertical
distribution of temperatures and pressures based on the giguaadiistributions throughout

the CTGH as well as the heat transfer that occurs in eaehusdbe. It will also give a more
realistic value for the overall heat exchanger effectiveness since it will eliminate many of the
assumptions made by theDPsimulation. The optimization program will use thé0model

along with an algorithm that changes the CTGH geometry based on desired physical constraints
for the heat exchanger. This will make it possible to develop the optimal CTGH foypengf
reactor ad/orpower conversion cycle.
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