To the Graduate Council:

‘ I am submitting herewith a thesis written by Rodney William Hoefer

| entitled "A Study of Turbulent Flow in a Superheater Model Using Laser
Velocimetry.” I have examined the final copy of this thesis for form
and content and recommend that it be accepted in partial fulfillment
of the requirements for the degree of Master of Science, with a major
in Mechanical Engineering,

Vo §, bl

Roy J¢ $éhulz, Maj%r Professor

We have read this thesis
and recommend its acceptance:

Ay G
oFenss  HC *

Accepted for the Council:

Vice Provost
and Dean of The Graduate School




STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the require-
ments for a Master's degree at The University of Tennessee, Knoxville,
I agree that the Library shall make it available to borrowers under
rules of the Library. Brief quotations from this thesis are allowable

without special permission, provided that accurate acknowledgment of

source is made.

Permission of extemsive quotation from or reproduction of this
thesis may be granted by my major professor, or in his absence, by the
Head of Interlibrary Services when, in the opinion of either, the pro-
posed use of the material is for scholarly purposes. Any copying or
use of the material in this thesis for financial gain shall not be

allowed without my written permission.

Signature _% gy/ ;Af//é?

Date 7] e mbren /985




A STUDY OF TURBULENT FLOW
IN A SUPERHEATER MODEL USING

LASER VELOCIMETRY

A Thesis
Presented for the
Master of Science

Degree

The University of Tennessee, Knoxville

Rodney W. Hoefer

December 1985




ii

DEDICATION

This thesis is dedicated to my wife, Mrs. Dianna Lynn Hoefer.



iii

ACKNOWLEDGMENTS

The work reported herein was supported by The University of
Tennessee Space Institute Energy Conversion Research and Development
Programs under Contract No., DE-ACO2-79ET10815.
The author would like to express his appreciation to the members
of his committee, Dr. Roy J. Schulz, Chairman, Dr. Thomas V. Giel, Jr.,
i and Dr. Lloyd W. Crawford. Appreciation is also expressed to Dr. Giel
i for his assistance with the laser velocimeter system used in the
study. The author would also like to thank Mr. William P. Millard and
Mr. Bradley Winkleman for their assistance in setting up the experi-
ment. Special appreciation is expressed to Ms. Madge Gibson for
typing the thesis.
The author would also like to thank Mr. John P. Foote who pro-

vided invaluable assistance throughout the investigation.




iv

ABSTRACT

An experimental study was conducted of the turbulent flow in a
model superheater using laser velocimetry. The primary objective of
the superheater model study was to determine the aerodynamic behavior
of the gas flow through the superheater in order to help explain heat
transfer and ash deposition characteristics of the superheater.

The 1/4 scale superheater model used air at standard conditions
to generate sufficiently high Reynolds number flows in the model. Two
component vector velocity data was obtained using a dual Bragg cell
laser velocimeter. Measurements of mean velocity, turbulence inten-
sity, and velocity-time data were obtained at many axial stations
along the flow.

The data from the superheater model study showed that nonuniform
flow conditions exist in the first section of the superheater. This
flow nonuniformity is expected to reduce the efficiency of the
superheéter operation because of the effects on heat transfer and ash
deposition. The flow becomes uniform after the gas has passed through
enough tube banks. Periodiec flow oscillations occur behind each row
of cooling tubes because of vortex shedding. Wakes occurring behind
each row of tubes increase turbulence intensity which is expected to
increase ash deposition in real superheaters. No large scale flow

unsteadiness was found in frequency analysis of the data.
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1.0 INTRODUCTION

1.1 The Coal Fired Flow Facility at UTSI

Electrical utilities typically operate at efficiencies of about
33 to 36 percent. 1In order to develop utilities with higher efficien-
cies, a magnetohydrodynamic (MHD) topping cycle is being studied at
The University of Tennessee Space Institute (UTSI) in the United
States Department of Energy's Coal Fired Flow Facility (CFFF). MHD
power generation [1] occurs when an electrically conductive fluid
flows through a magnetic field to convert part of the energy of the
fluid into electrical energy. The CFFF open cycle coal-fired MHD flow
train is designed for a thermal input of 28 MW,

At the CFFF, which is shown in Figure 1, page 40, the primary
combustor [2] mixes and burns the preheated oxidizer from the
vitiation heater with pulverized coal, seed (potassium carbonate), and
fuel 0il achieving temperatures at about 3000K and conductivities
approaching 10-2£9§1 The combustor operates fuel rich to minimize NO,
formation. The conductive gas or plasma then passes through a con-
verging-diverging nozzle to accelerate the combustion plasma to a Mach
number near 1.2 through the generator to the diffuser. The diffuser
recovers statlc pressure and reduces the flow velocity to a level
acceptable for the downstream steam plant components. From the dif-
fuser, the gas passes through the radiant slagging furnace where most
of the slag is removed, the gas is used to boil water, and controlled

gas cooling occurs to control nitrogen oxide decomposition. The

potassium from the seed which has combined with the sulfur in the




coal, begins to condense near the furnace exit. Next, the gas and
potassium sulfate pass through the secondary combustor to be mixed
with air and to burn the remaining combustibles. From the secondary
combustor, the gas travels through a special superheater designed to
test materials, ash deposition, corrosion and also superheat steam as
in a typical steam power plant. The gas exits the superheater into an
air heater to preheat air for the secondary combustor. Finally, par-
ticulates are removed from the gas by a baghouse, electrostatic preci-
pitator, or a wet venturi scrubber before the gas is exhausted into

the atmosphere.

1.2 The CFFF Superheater

The superheater test module (SHTM) [3] at the CFFF experiences
the flue gas environment and fube temperatures expected in MHD super-
heaters to permit evaluatiom of fouling, corrosion, and heat transfer
in such devices. Because of the different MHD gas éomposition, par-
ticularly the high K9S0, content, the fouling, corrosion, and heat
transfer characterics are expected to differ considerably from the
standard coal-fired utility superheater. The SHTM contains both
steamcooled tubes and water-cooled tubes in a horizontal, rectangular
duct. The SHTM is divided into steamcooled test sections and water—
cooled cooling sections. The duct is nominally 1.22 m (4 ft) wide and
2.29 m (7.5 ft) high. Table 1 lists the design temperatures for the
SUTM. The SHIM receives combustion gas from the ash-seed hopper of
the secondary combustor at a design temperature of nominally 1260°C

(2300°F) and delivers it to the air heater at about 427°C (800°F).




Table 1. Design Temperatures for the SHTM.

Location Temperature
Entrance 2300°F
Test Section 1 2300°F
Cooling Section 1550°F
Test Section 2 1110°F
Exit 800°F
Temperature of water in cooling tubes 70°F
Temperature of steam in steam tubes 387°F




Steam-cooled tube banks were designed to provide a way to test foul-
ing and corrosion characteristics. Sootblowers are currently used to
control the accumulation of potassium sulfate and ash on these tubes.
Water-cooled tube banks are used between the superheater test sections
to accelerate the gas cooling between test sections and before the gas
enters the air heater. Temperatures of the gas and the tubes through~
out the SHTM are dependent on the equilibrium thickness and extent of
tube fouling, which is presently unknown and is to be determined by
experiment. The SHTM, which is shown in Figure 2, page 41, consists
of an inlet transition, three steam—cooled test sections, five water-
cooled sections, and a 180° elbow. The inlet transition increases the
gas flow area from 2,01 m? (21.66 ft2) at the ash-seed hopper exit to
2.82 m? (30.43 ft2) at the entrance of Test Section 1 (TFSl) which is
shown in Figure 3, page 42. TSl contains a 4-pass water-cooled tube
bundle or screen followed by a 2~pass steam-cooled test hank. The
water—cooled screen has eight 63.5 mm (2.5 in.) 0.D. approximately
2.29 m (7.5 ft) long pendant tubes per row with a 0.153 m (6 in) side
spacing. The rows are in line on 0.254 m (10 in) centers. In addi-
tion to cooling the flue gas, these tubes serve as a radiation screen
and as an ash-seed screen. Tubes were selected that were large enough
to maximize cooling while minimizing the flow blockage. The steam—
cooled test bank consists of eight 38.1 mm (1.5 in) 0.D. tubes on‘
0.153 m (6 in) transverse centers and two inmline rows on 0.153 m (6
in) centers. Following TSl are two cooling sections. Each cooling

section, shown in Figure 4, page 43, consists of 12 in-line passes of

eight 63,5 mm (2.5 in) 0.D. water-cooled tubes on 0.153 m (6 in)




transverse centers, and 0.254 m (10 in) longtitudinal centers. Next
1s Test Section 2 (TS2), shown in Figure 5, page 44, which consists of
two in-line passes of eight 38.1 mm (1.5 in) 0.D. pendant tubes on
0.153 m (6 in) transverse centers and 0.153 m (6 in) longtitudinal
centers. Following TS2 are, respectively, Cooling Section 3, Test
Section 3, Cooling Section 4, a 180° elbow, and Cooling Section 5.
After leaving Cooling Section 5, the gas flows through a transition

section into the air heater.

1.3 Purpose of the Superheater Model Study

To understand and possibly improve the operation of the
superheater and the design of future MHD systems, the following infor-
mation is needed:

1. The aerodynamic behavior of the gas flow such as the

mean velocity fields and turbulence characteristics.

2. Identification of any periodic or random flow

oscillations caused by vortex formation and shedding.l

3. Identification of any nonuniform inlet velocity profiles

caused by the geometric configuration of the ash-seed
hopper and the inlet transition.

4. Determination if the flow profiles become uniform, and

if so, at what axial station this occurs.
5. The effects of different top and bottom wall geometries
such as the ash-seed hopper cavities in the superheater,
In turn, this information will help explain:
1. Heat transfer through the steam tubes and the superheater

walls.




6.

Application of refractory to the inner walls of the
superheater.

Ash deposition characteristics.

The effect of ash deposition on heat transfer in the
superheater.

The effectiveness of devices used to reduce ash
deposition such as sootblowers.

Erosion of the tubes.

acquired, and can be acquired in greater detail, in a clear walled,

subscale, isothermal flow model. Therefore, such a model was built for

The flow characteristics of the superheater are more easily

1 this study.




2.0 EXPERIMENT DESIGN

2.1 Design and Construction of the Superheater Model

A one-fourth scale air flow model was constructed with the same
configuration as the CFFF superheater. The superheater model and the
measurement coordinate system are illustrated in Figure 6, page 45.
The sections of the CFFF Low Mass Flow train that were modeled include
the ash-seed hopper, the inlet transition, Test Section 1, one cooling
section, and Test Section 2. The ash-seed hopper section was
constructed to create the same flow entering the superheater section
of the model as in the CFFF superheater. A honeycomb flow straighten—
er was installed at the inlet of the ash-seed hopper section to elim-
inate the effects on the flow caused by the flexible ducting which
carried the air from outside the test building into the model. Air at
standard conditions was pulled through the model by a backwardly
inclined, adjustable speed centrifugal fan. Flexible ducting was used
to carry the air from the model outlet transition to the fan and also
to carry air from the fan to the outside wall of the test building
where the air is exhausted into the atmosphere. The air flow rate was
measured with a pitot tube and manometer which were located at the
entrance of the ash-seed hopper section. The ash-seed hopper section
and the outlet transition were fabricated from 3.2 mm (1/8 in) alumi-
num plate. The inlet transition, Test Section 1, the cooling section,

and Test Section 2 were fabricated from 3.2 mm (1.8 in) acrylic plate

to allow measurements to be taken with a laser velocimeter. The
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superheater model and the laser velocimeter set~up are shown in Figure
7, page 46. The cooling tubes were constructed with 15.9 mm (5/8 in)
0.D. acrylic tubing, 15.4 mm (5.8 in) 0.D. copper tubing, and 15.9 mm
(5/8 in) 0.D. copper elbows with a 90° bend. The steam tubes were
constructed with 9.5 mm (3/8 in) 0.D. acrylic tubing, 9.5 mm (3/8 in)
0.D. copper tubing, and 9.5 mm (3/8 in) 0.D. copper elbows with a 90°
bend. The tubes were supported inside the model with number 6
threaded rod. The superheater model was mounted on a stand on its
side so that the top wall of the superheater was facing the LV system.
The model was mounted this way so that velocity measurements could be
taken completely around the tubes and because of limited vertical
traverse of a modified milling machine bed on which the LV system was
mounted. A water spray nozzle was used to provide seeding for the
laser velocimeter and was mounted inside a 0.30 m (12 in) 0.D. PVC
duct outside the test building., A fine water particle mist was
sprayed through the PVC duct into the superheater model system

entrance, which prevented wind from affecting the seeding rate.

2.2 Test Conditions

Aerodynamic flow conditions in the model need to be identical to
those in the superheater at the CFFF. This can best be accomplished
by acquiring the same Reynolds number in the model as in the CFFF

superheater. The Reynolds number is given by [4]:

Ve Dey

Re = (D
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where V is the velocity of the gas, p is the density of the gas, and u
is the viscosity. DCH is the equivalent diameter for a rectangular

duct and is given by:

_ 2ab
Dey = (a + b) (2)

where a is the height and b is the width of the rectangular duct. For
the CFFF superheater, a is 2.29 m (7.5 ft) and b is 1.22 m (4 ft),
giving Dey = 1.59 m.  The average temperature and pressure from the
inlet transition to test section no. 2 of the superheater are 900°C
(1650°F) and 9.65 x 10* N/m? (14 1bf/in2). The mass flow rate is 5.90
Kg/s (13 1bm/s). At these conditions the velocity of the gas is

6.46 m/s (21.18 ft/s), the density 1s 0.30 kg/m3 (0.0187 1bm/ft3), and
the viscosity coefficient is 4.60 x 107> Kg/m-s (0.1112 lbm/ft—hr).
The Reynolds number is then calculated to be Re = 6.70 X 10%. At this
Reynolds number a duct flow is turbulent. From the Reynolds number

of the CFFF superheater, the scaled velocity and volume flow rate can
be determined for the superheater model. The velocity can be found by
rearranging equation (1) to obtain:

Re u
V =

Deg P ° (3) i

Alr at standard conditions is the working medium used in the model and

has the following properties: the density is 1.21 kg/m® (0.0756

lbm/ft3), and the viscosity coefficient is 2.23 X 1073 Kg/m-s

(1.50 X 107° 1bm/ft-s). The equivalent diameter, D.,, for the 1/4
CH
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scale model is 0.41 m (1.33 ft). Knowing these properties, the needed
velocity at the model entrance was determined to be V = 3,04 m/s.

The volume flow rate, Q, was then calculated by:

Q=VvA (4)
where V is the velocity of the air and A is the cross—-sectional area
of the duct. For the superheater model, the cross-sectional area is
0.19 m? (2.00 ft2), Therefore, the volume flow rate for the model
was Q = 0.58 m3/s or 1224 CFM.

Another Reynolds number was calculated for tube heat transfer
using the film properties for a hot gas and a cooled tube wall. This
Reynolds number is given by:

T

Re (5)

where Pg is the film density, V, is the velocity of the gas between

g
the tubes, Dr is the diameter of the tube, and Ug 1s the film visco-
sity coefficient., At Test Section 1, the gas temperature is 1174°C
(2170°F), the fluid temperature is 157°C (340°F), and the film
temperature is 665°C (1255°F). At these temperatures, pe = 0.352
Kg/m® (0.022 1bm/£t3), Dy = 63.5 mm (2.5 in), and ug = 4.05 X 1075
Kg/m-s (2.72 X 107° 1bm/ft-s) which gives Re = 9.9 x 103. This
Reynolds number for the full-scale SHTM is much smaller than the value

based on Doye The primary purpose of the superheater model study was

to determine bulk flow characteristics, and so the first Reynolds

number was used for the model design.
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2.3 Laser Velocimeter Measurement Technique

A laser velocimeter (LV) was chosen to make velocity measure-
ments in the superheater model because an LV does not interact with
the flow and can provide very accurate measﬁrements in turbulent flow
even when the flow reverses direction, provided that appropriate
seeding of the flow can be achieved. The LV measures velocity by
detecting the Doppler frequency shift of scattered light from a par-
ticle moving in the flow.

In an LV system, the laser provides a coherent light beam
which is diffracted into 2 or more beams which are then refocused to
form a probe volume., These beams have the same wavelength, A, and
intersect at an angle, 6. When the probe volume is formed by the
intersecting beams, fringes are produced. The fringe spacing, §, is

given by [5]:

A
8= seimom (6)

As a particle moves across the fringe pattern, it scatters light with
a frequency, f, that is directly proportional to the velocity com-
ponent, u, which is normal to the fringes. This velocity component is
determined by:
u=20xf. (7)
When the velocity direction is unknown, which is the case for the
superheater model study, it is necessary to use a Bragg cell. A Bragg
cell generates moving ultrasonic waves with constant frequency using
a vibrating crystal. As the laser beam passes through the Bragg cell,

it is diffracted into several frequency shifted beams. 1In the two
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component Bragg cell used at UTSI, two orthogonally mounted crystals
diffract the entering beam in two directions. The four central beams
are of near equal intensity and are frequency shifted in increments of
the crystal frequencies. An optical system directs these four beams
to converge at the probe volume where both a set of horizontal fringes
and a set of vertical fringes are produced, thus allowing measurements
to be made for two components of velocity. These fringes move across
the probe volume at the different respective crystal frequencies.

Thus a stationary particle scatters light from the fringes at two
crystal frequencies, and a particle moving with or against the fringes
scatters light at frequencies of u/§ below or above the crystal fre-
quencies, respectively. Driving the crystals at different frequencies
(i.e., 15 and 25 MHz) makes it possible to separate the velocity com-

ponents using band-pass frequency filtering, if u/é << 15 or 25 MHz.

2.4 Laser Velocimeter Operation

The laser velocimeter system used in the superheater model study
included a 3 watt argon ion laser, a beam collimator, a Bragg cell,
two front surface mirrors, three transmitting lenses, two collector
lenses, and two photomultiplier tubes. The LV system is illustrated
in Figure 8, page 47. The laser velocimeter system was positioned on
a modified milling machine bed that traverses in three dimensions.

The modified milling machine bed was equipped with a digital position
indicator that was used to position the laser velocimeter probe volume

throughout the model. The milling machine bed wheels were positioned
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on rails so that it could easily be moved parallel to the front of the
model so that velocity measurements could be taken along the complete
length of the model. The argon ion laser produces a beam that was
reflected 90° by a front surface mirror. The beam passed through the
Bragg cell which diffracted the laser beam into four beams by fre-
quency shifting the horizontal velocity component beam by approxi-
mately 15 MHz and the vertical velocity component beam by approxi-
mately 25 MHz. The beams were then reflected 180° by another front
surface mirror into the beam expander lens pair. The first lens
causes the four beams to converge at a point and then expand to a
larger spacing before reaching the second lens. The second lens
aligns the four beams so that they are parallel as they are directed
to the third transmitting lens. The third lens causes the four beams
to converge into the probe volume where velocity measurements are
t aken.

The collector lenses focus light scattered from the probe

volume onto the photomultiplier tubes. Apertures are mounted in front
of the photomultiplier tubes to minimize the probe volume length and
filter out undesired background light. A microprocessor was used to
control the signal processor electronics. The signal to the photo-
multiplier tube has a strong 15 MHz spectral band, two weak 10 and 40
MHz spectral bands, and a strong 25 MHz spectral band., This signal is
divided into two equal parts by a signal splitter. The two parts are
sent to radio frequency mixers which are driven by a phase-locked-loop

(PLL) oscillator. The mixers have an intermediate frequency port in
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which a sum and a difference of the radio frequencies and the local
oscillator frequencies are output. The low pass filter eliminates all
but the difference frequency. Because of this process, signal fre-
quencies can be measured more accurately and noise is reduced.

Burst counter signal processors measure the average period of

each signal by counting the number of cycles of a 100 MHz clock over a
fixed number of signal cycles. This fixed number of signal cycles is
called the long clock count. A short clock count is taken simul-
taneously with the long clock count to check the periodicity of each
measurement. An adjustable zero crossing detector is used to miqimize
noise pulses and logic circuits are used to eliminate faulty signals.
Knowing the number of clock cycles counted, n, the timer rate, t, and

the clock count, ¢, the signal frequency, £, can be calculated from:

[od
f =-fl_t-. (8)

A reference frequency, fo, is found by taking the difference
between the Bragg cell frequency, fBC’ and the local oscillator fre—
quency, fLO’ or:

£, = fac ~ fro- (9)

Using the signal frequency, f, the reference frequency, fo, and

the fringe spacing, §, the velocity can be found using the formula:

u=268(|£f, |- £) when £, > 0,

u=08(f -|£,|) when £, < 0. (10)
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2.5 Data Reduction

At each measurement location, a predetermined number of
simultaneous instantaneous velocity components were recorded. The
velocity measurements result from signals scattered by a randonm
distribution of particles in the gas that travel through the probe
volume. TLong and short clock counts are also recorded. When an
unsatisfactory measurement was taken for either velocity component, an
aperiodicity failure resulted. The final number of velocities, N,
that was used in data reduction equaled the number of measurements
taken simultaneously without aperiodicity failures. The mean velo-

city, G, is determined for each set of N samples by:

1
N i

1-1 = l.li, (11)

1

N~z

where u; is the instantaneous velocity for one measurement of the

sample set. The velocity variance, u'2 for the sample set is:

5, 1 N -
u'2 =N—_1 12‘_1 (ui - u)z. (12)

The standard deviation, ¢, is the square root of the velocity
variance. The local turbulence intensity is defined as o/u and the
reference turbulence intensity is defined as ¢/V where V is the

velocity of the flow at a preselected point of the flow.

The cross correlation, u'v', of the sample distribution is given

by:

1 N - -
vVies 1 (u-wivy - W), (13)
i=1

ul

where u; and v; are simultaneous orthogonal velocity components.
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The skew, or third moment, S, of the sample distribution is given by:

=

1 -
S =W (ui - u? (14)

He b~

=1

Finally, the Kurtosis, or fourth moment, B, of the sample distribution

is given by:
1 g -
B = — (u; = u)t, (15)
N i
No™ =1

The third moment is used to determine if the sample distribution
is skewed positively or negatively. The fourth moment is used to
determine the "flatness" of the sample distribution. For a normal
distribution, S = 0 and 8 = 3. When a velocity measurement causes
either the third or fourth moment to deviate considerably from the
values for a normal distribution, that velocity measurement is not

used in the data analysis process.

2.6 Laser Velocimeter Measurement Precision

Several variables affect the precision of the laser velocimeter
system. They include the sample size, the zero crossing detector
trigger level, the fringe spacing, the reference frequency, and the
low pass filter setting. The sample size was made as large as
possible to increase the accuracy of the mean and standard deviation.

The tolerance of the mean velocity, Tol(ﬁ), is defined as:

Tol(u) = Z x o= (16)



17

where Z is determined by the confidence level of the measurement
and o is the standard deviation of the mean given by:

oy = o/Nl/2, (17)
Equations (16) and (17) can be combined to give:

Tol(a) = Zo/N/2, (18)

The tolerance of the calculated turbulence velocity, u', is given

by [5]:
Tol(u') =1 _N-3.01/2
o T gy B -V (19)

The confidence level, Z, determines the probability that the
calculated value of the mean velocity, G, is within the range of
u * Tol(u). For Z=1, the probability is 68%. For Z=2, it is 95% and
fbr 2=3, it is 98%. From the preliminary data, nominal values of
Z =2 (95 percent confidence), ¢ = 1.40 m/s, N = 1300, and B = 4 were
determined to give tolerances of Tol(u) = 0.08 m/s (0.26 ft/s) from
equation (18) and Tol(u')/u' = 0.048 or 4.8 percent of u' from
equation (19).

For this experiment, a sample size of 1500 was used to provide
adequate tolerances. Out of these 1500 velocity measurements, usually
more than 1300 were acceptable for data reduction. To record a sample
size this large for each point of measurement required that the LV
microprocessor be connected to a computer with a large enough memory
to perform the data storage and reduction. This was accomplished by
linking the LV microcomputer at the test site to a Data General S-230

computer with hard disk storage at the CFFF.
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The zero crossing detector trigger level is set to maximize the
number of acceptable velocity readings within a reasonable acquisition
time, The acquisition time is the number of seconds required to take
1500 sample points. The zero crossing detector is set by trial-and-
error while observing the raw and processed signals on an oscillo-
scope. The fringe spacing is adjusted by varying the angle between
the intersecting beams at the probe volume with the focusing optics.
Increasing this angle shortens the probe volume which is beneficial
because the location at which velocity measurements are taken is more
precise. On the other hand, increasing the hean angle increases the
signal frequencies, decreasing the resolution of the LV processor,
Therefore, the fringe spacing is set to provide adequate processor
resolution.

The fringe spacing is measured in the following manner: the probe
volume is focused on a plane surface and then the probe volume is
moved inward by a distance, L. With the probe volume at this loca-
tion, thé horizontal spacing, H, between the beams, and the vertical
spacing, V, between the beams are measured. Knowing these variables,

the fringe spacings, 6x and 8§y can be determined using geometric

formilas [6]:

412 )
= 0.2573 (1 +§5—)

(<2
|

/2 (20)

. H
) =6Xx-‘7-. (21)
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Fringe spacings were calculated for 20 different values of L so that
mean values of §  and Gy could be determined. The mean values were
38.01 £ 2,08 microns for §, and 22.81 % 0.67 microns for Gy.
The minimum measurable signal frequency depends on the probe

volume diameter, D, the maximunm flow velocity, U , and the ninimum

max
number of signal cycles, No’ required by the signal processor. The

probe volume diameter, D_ , is defined by:

[o R4

4FA

Do = 7D cos /2

(22)

where F is the focal length of the transmitting lens and D is the beam
diameter at the transmitting lens. For this case F = 0,705 m (27.75
in), A = 5.145 X 107 m, D = 5 mm (0.20 in), and cos 8/2 = 1. Using
these values, the probe volume diameter was found to be 92.35 X 10~¢ n,
The maximum flow velocity magnitude in the superheater model was esti-
mated to be 7.62 m/s (25 ft/s) in the direction of the flow or the
positive X-direction. The maximum velocity magnitude in the negative
X—direction and in both transverse directions was estimated to be 3.05

m/s (10 ft/s). The minimum detectable LV signal frequency is given by:

N0 ' Umax I
min * "D (23)

£

The maximum signal frequency, f is the low pass filter

max’
setting. The possible settings for the low pass filter are 100, 200,
and 500 RHz, 1, 2, and 5 MHz., The low pass filter is set at the
lowest possible frequency that will allow the full range of velocities

to be measured thus minimizing signal noise. The value of fmax is

given by:
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- f l Umaxl | Umin'
fnax = min s S (24)
while the Bragg reference frequency is given by:
| Ui | -
nin
fo = fmin + S . (25)

2.7 Test Procedures

2.7.1 Setting experimental flow rate. Before any data was taken,

the bulk flow rate at the entrance of the ash-seed hopper section was
set at approximately 1200 CFM to create the same Reynolds number in
the superheater model as in the CFFF superheater. The flow rate was
measured with a pitot tube and a manometer. The pitot tube.was tra-
versed horizontally and vertically across the cross sectional area of
the ash-seed hopper section in increments such that flow velocity was
measured at the center of eight equal areas. The bulk flow rate was
then determined by taking the average value of these eight velocities.
The flow rate was adjusted with a variable speed pulley on the motor
shaft of the backwardly-inclined centrifugal fan and additional
measurements were made. The fan was adjusted until a bulk flow rate
of approximately 1200 CFM was achieved.

2.7.2 Establishment of coordinate system for LV probe volume and

seeding. Before each test run, the laser velocimeter probe volume was
focused on the wall of the model and the position indicator was set

to the correct value in all three dimensions. Seeding with water par-
ticles was accomplished with a water spray nozzle located far upstream

at the air inlet. The seeding rate of microscopic mist particles was
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varied by adjusting the spray nozzle air pressure or water pressure to
obtain the best output signal from the LV on an oscilloscope. Model
testing was done at night because the air during the day was not
saturated, causing a high percent of the water particles to evaporate
before they reached the probe volume. Also, it was found that
atmospheric air is more uniform in temperature and relative humidity
at night.

2.7.3 Data acquisition sequence. Velocity measurements were

taken at various locations in increments of 12 mm (0.2292 in) in the
X-direction from the inlet transition section to the end of Test Sec-
tion 2 and in increments of 12 mm (0.2292 in) in the Z-direction from
the centerline of the model to 9.53 mm (3/8 ?n) from the inner wall
of the model. From the inlet transition to the entrance of the
cooling section, velocity measurements at these points were taken at
different Y-planes in the model. Data on cross sectional grids was
taken in the inlet transition, at the entrance of Test Section 1,
between the last row of cooling tubes and the first row of steam
tubes, in Test Section 1, at the entrance of the cooling section, and

in front of the steam tubes in Test Section 2.
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3.0 RESULTS AND DISCUSSION

3.1 Coordinate System for Data Reduction

The laser beams passed into the model and scattered light passed
out of the model through the top wall in each section of the super-
heater model. An illustration of the top wall and the SHTM tube
arrangement is shown in Figure 9, page 48. The coordinate system for
data acquisition was as follows: the Y-Z plane origin (Y = 0.0,

Z = 0.0) is the exact center of the rectangular cross section of the
nodel with Z being the direction perpendicular to the side walls with
a range of -5.875 inches to +5.875 inches inside the model. The Y-
direction is pérpendicular to the top and bottom walls of the model
with a range of -11.875 inches (top wall) to +20.375 inches (bottom of
ash-seed hoppers). The X-direction is the direction of the flow with

the origin (X = 0.0) located at the beginning of Test Section 1.

3.2 Introduction to the Measurements and Data Displays

Results from the model testing are plotted in Figures 10 through
25, pages 49 to 64. Each plot shows a flow pattern made up of velo-
city vectors. The length of each vector représents the magnitude of
the velocity at one location. Each velocity vector origin is at the
point of velocity measurement. The geometric configuration is iden-
tical from Z =0.0 to each sidewall, which should result in a sym-
metrical flow with respect to the centerplane (Z = 0.0). This was
verified by experiment with the data shown in Figures 20 and 21, pages

59 and 60. For this reason, the majority of data were only taken on
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one side of the plane of symmetry (Z = 0.0). Figures 10 through 12
pages 49 through 51, show the velocity field in the X-direction at
different X-Z planes in the inlet transition, Test Section 1, and the
cooling section entrance. These three figures show the velocity
fields at Y = 6.0 inches (toward the top wall), Y = 0.0 inches (in the
middle of the superheater model), and Y = -6.0 inches (toward the
bottom). Figures 13 through 17, pages 52 through 56, are plots of
mean velocity and turbulence intensity versus distance in the X—
direction in different X-Y planes. For each plot, an X-Z plane is
represented at Y = 6.0 inches, Y = 0.0 inches, and Y = -6.0 inches.
Figure 18, page 57, shows the velocity field in the cooling section.
Figure 19, page 58, shows the velocity field at the end of the cooling
section and in Test Section 2. Figure 20, page 59, shows a cross-
sectional profile of the mean velocities and turbulence intensities in
the inlet transition at X = -7.5 inches. Figure 21, page 60, shows a
cross—sectional velocity field in the inlet transition at X = - 7.5
inches. Figures 22 through 25, pages 61 through 64, show cross-
sectional profiles of mean velocities and turbulence intensities in
different Y-Z planes throughout the model. Figure 22, page 61, shows
a cross—sectional plane directly in front of the cooling tubes in Test
Section 1 at X = -0.521 inches. Figure 23, page 62, shows the cross-
sectional profile between the cooling tubes and steam tubes in Test
Section 1 at X = 9.042 inches. Figure 24, page 63, shows the cross-
sectional profile at the cooling section entrance at X = 17.208
inches. Figure 25, page 64, shows the cross-sectional profile in

front of the steam tubes in Test Section 2 at X = 53.957 inches.
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3.3 Discussion of the Measurements

The velocity field in Figure 10, page 49, shows that the incoming
flow near the top wall in the inlet transition is almost at zero velo-
city. However, flow wells up from the bottom of the inlet section so
that the axial velocity increases to about 1 m/s before the flow
reaches the cooling tubes in Test Section 1. The velocity field in
Figure 11, page 50, shows that the fiow in the X-Z plane which is
half-way down the SHTM, has a more uniform velocity through the inlet
transition in the X-direction but the flow axial velocity tends to be
higher near the side walls of the model than at the centerline
(Z = 0.0 inches). The flow near the bottom of the SHTM, shown in
Figure 12, page 51, has the same characteristics as the flow half-way
down the SHTM but at a higher axial velocity. The flow near the top
wall at Y = 6.0 inches was unaffected by the side walls because of the
low velocity of the flow.

The cross-sectional profile of the inlet transition shown in
Figure 20, page 59, shows a rapid flow near the bottom wall and a
reversed flow near the top wall of the inlet transition. This recir—
culation in the inlet transition is caused by the flow turning 90° as
the gas travels from the ash-seed hopper into the inlet transition,
Near the bottom of the inlet transition, the flow is uniform across
the X-Y plane and the turbulence intensity is very small., Near the
centerline (Y = 0.0 inches), the velocity of the flow is higher near
the side walls than near the center (Z = 0.0 inches). The turbulence
intensity is higher in the top section of the inlet transition than in

the bottom section because of the recirculation and reverse flow
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existing in the top section of the inlet transition. The velocity
field in Figure 21, page 60, shows the mean velocities in the flow
throughout the inlet transition and corresponds with Figure 20, page
59. Figures 20 and 21, pages 59 and 60, show the symmetry on both sides
of the centerline (Z = 0.0 inches) which allowed data to be taken in
half of the Y-Z plane during the remainder of the model testing.
Figure 22, page 61, shows a cross-sectional plane directly in front
of the cooling tubes in Test Section 1 at X = -0.521 inches. This
plot shows that the gas is still in recirculation as it enters Test
Section 1., This plot verifies what was seen in Figures 11 and 12,
pages 50 and 51, in that the flow velocity is higher near the side
wall than near the centerline (Z = 0.0 inches) in the bottom half of
the inlet transition. The flow is reversed near the top wall of the
model. The gas flow velocity 1s higher as the flow approaches the
bottom of the model. The turbulence intensity 1is generally uniform
throughout the cross-sectional plane. Figure 23, page 62, shows a
cross—sectional plane between the last row of cooling tubes and first
row of steam tubes in Test Section 1 at X = 9,042 inches. There is a
large variation of velocity as the gas travels between the tubes.

The turbulence intensity is highest in the wake of the tubes behind
each tube row. The flow velocity is highest near the bottom of the
model. When the gas reaches a row of cooling tubes, as in Test Sec-
tion 1, the flow area is reduced by approximately 42% by tube area
blockage. This causes the velocity of the flow to increase by a fac-
tor of 1.7 through the plane of the tube row. When the gas reaches a

row of steam tubes which are smaller in diameter, the flow area is



26
reduced by approximately 25%. This causes the velocity of the flow to
increase by a factor of 1.3 which also causes flow acceleration in the
plane of the steam tube rows. Recirculation or a wake occurs behind
each tube in the flow. For higher velocity inlet flow, the recir-
culation or wake increases behind the tubes. TFor this reason, there
is a much higher amount of recirculation or larger wakes behind the
tubes near the bottom of the model than near the top wall., Throughout
Test Section 1, the velocity of the gas is higher between the outer
tube and the side wall than in between the inner or central tubes.
Almost immediately after the gas passes out of the region containing
tubes in Test Section 1, the effect of the tubes on the flow disap~-
pears as the flow pattern is becoming uniform. The velocity is still
greater near the side wall; however, and near both the top and bottom
walls than at the center (Y = 0.0 inches).

Plots of mean velocity and turbulence intensity versus distance
through the model are shown in Figures 13 through 17, pages 52 through
56, in different X-Y planes., For each plot, an X-Z plane is repre-
sented for Y = 6.0 inches (near the top wall), Y = 0.0 inches (center
of the model), and Y = -6,0 inches (near the bottom). These plots
show that the gas velocity becomes uniform across the X-Z piane as the
gas travels through the superheater. The gas flow takes longer to
become uniform near the side wall (Z = =5.5 inches). The axlal veloc—
ity increases as the gas flows between the tubes and then returns to
lower, near mass average values, between the tube rows. The tur-

bulence intensiﬁy is highest between the tube rows because of the
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recirculation or wake behind each tube. As the gas travels through
the cooling section, the flow velocity increases and then decreases as
it passes into and out of the tube rows. From Z = 0.0 inches to
Z = =4,125 inches, the velocity patterns for the three values of Y are
very similar. Thus there 1s vertical similarity except for the magni-
tudes of the velocities., In the X-Y plane where Z = -5.5 inches,
there is little fluctuation in the mean velocity at Y = 6.0 inches,
but at Y = 0.0 inches and Y = -6.0 inches, there is a much larger
variation of both mean velocity and turbulence intensity, especially
near the bottom of the model at Y = -6.0 inches.

Figure 18, page 57, shows the velocity field through the cooling
section., Figures 13 through 17, pages 52 through 56, show that the
flow is now uniform across the Y-Z plane by this axial distance.
Therefore, the flow field shown in Figure 18, page 57, is represen-
tative of the more uniform flow in this part of the model. The data
results show that the flow around each row of tubes after the first
row is identical. The bulk velocity of the gas does not vary signifi-
cantly as the gas travels through the cooling section. Figure 19,
page 58, shows the velocity field in the cooling section exit and in
Test Section 2. When the gas leaves the cooling section, the wakes of
the tubes disappear rapidly so that the gas flow becomes uniform.

Throughout the model, the gas velocity is higher near the side
wall than at the centerline (Z = 0.0 inches). The region of this
higher velocity is generally between Z = -5.00 inches and Z = -5.875
inches. Thus, the effects of inlet flow nonuniformity do persist in

some aspects through the first section of the SHTM.
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Figure 24, page 63, shows a cross-sectional plane at the cooling
section entrance at X = 17.208 inches. The flow is now uniform in the
Y-direction except near the side wall where the gas velocity is higher
near the bottom of the model. Tﬁe turbulence intensities are uniform
in the Y-direction. A cross—sectional plane in front of the steam
tubes in Test Section 2 at X = 53,957 inches is shown in Figure 25,
page 64. In this region, the flow is uniform in the Y-directiom
except near the bottom of the model where the flow velocity is higher
on the centerline (Z = 0.0 inches) than near the side wall. In all
the previous sections of the model, the flow velocity was higher near
the side wall than at the centerline (Z = 0.0 inches). This change
may have occurred for several reasons including the effect of the open
area above the ash-seed hopper cavity in front of the steam tubes in
Test Section 2, or because of a swirl component of the bulk flow

caused by the nonuniform inlet conditions.

3.4 Analysis of Vortex Shedding and Flow Stability

A time series analysis was accomplished by computer to determine
if any periodic or random flow oscillations occur in the superheater.
The computer analysis showed that periodic flow oscillations occur in
the area behind each cooling section tube with a frequency between 4
and 5 Hertz. These periodic flow oscillations are caused by vortex
shedding behind the tubes. The analysis also showed that there are no
significant flow oscillations behind the steam tubes and that the
periodic flow oscillations behind the cooling section tubes quickly

damp out after the gas passes through a row of tubes.
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3.5 Effects of the Flow Patterns on SHTM Heat Transfer

Total heat transfer per unit length was calculated for each group
of tubes or tube bundle using the following equations [7]: First, the

maximum velocity, V

max> 1S calculated by:

Veod
v = | (26)

where a 1s the cross-sectional spacing between the tubes, D is the
outside tube diameter, and V, is the bulk velocity of the flow
entering the tube bundle region. Next, the maximum Reynolds number is

calculated by:

Vmax?

(27)

where vg is the kinematic viscosity of the gas. Next, the overall

heat transfer coefficient, h, is given by:

Kg o )
h = 7 Cy(Rep ) (28)

where Kg is the thermal conductivity of the gas. C, and n are
constants that depend on the tube diameter, D, the longitudinal
spacing, b, and the cross-sectional spacing, a. Cl and n were found
in a tube bundle heat transfer table developed by E. D, Grissom [71.
Finally, the total heat transfer per unit length of the tube bundle,
q/L is given by:

q/L = hTrDN(TS - Ty) (29)

where N is the total number of tubes, Tg 1is the temperature of the

tube surface, and T, is the bulk temperature of the gas. TFor the
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bundle of cooling tubes in Test Section 1, q/L was calculated for
three X-Z planes because the velocity entering the tube bundle is dif-
ferent in each plane. The total heat transfer per unit length was
also calculated for an individual tube in the bundle. The results of

the heat transfer calculations are given in Table 2.

3.6 Ash Deposition Characteristics Affected by Flow Patterns

Ash deposition occurs when an ash particle strikes the tube
surface and adheres to it because of the impact, The greater the
velocity of the flow, the more likely this is to occur. In a row of
cooling tubes, the tubes occupy 42% of the cross-sectional area which
implies that up to 42% of the ash particles in the flow will strike a
cooling tube. TFor a row of steam tubes, the tubes occupy 257% of the
cross—sectional area which implies that up to 25% of the ash particles
in the flow will strike a steam tube. Ash deposition is also
increased by high turbulence intensity in the flow. Ash deposition
caused by the direct impact of ash particles carried to the tubes by
the mean velocity occurs more than ash deposition caused by high tur—
bulence intensity [8]. Ash deposition occurs much more frequently on

the front of tubes than on the back of the tubes.

3.7 Effect of SHIM Flow on Erosion Characteristics

Tube erosion occurs when many particles strike the tube surface
over a period of time and cause the surface to wear away. In the
superheater model study, it was found that the velocity of the flow is

not high enough to cause a significant amount of erosion.
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Tube Bundle Per Tube
Location (Btu/hreft) (Btu/hre ft)
TSl cooling tubes at
Y = 6.0 inches (near top wall) 2.15 X 10° 6.73 X 103
TSl cooling tubes at
Y = 0.0 inches (center) 3.88 X 10° 1.21 X 10%
TSl cooling tubes at
Y = 6.0 inches (near bottom) 4.39 X 10° 1.37 X 104
TSl steam tubes 6.68 X 104 4,18 X 103
Cooling section 8.90 X 10° 9.27 X 103
TS2 steam tubes 3.18 X 104 1.99 x 103




4.0 SUMMARY AND CONCLUSIONS

4.1 Summary

The isothermal velocity flow field survey of the superheater

model can be summarized as follows:

1.

The 90° turn of the flow as the gas travels from the ash-seed
hopper into the inlet transition causes a large amount of
recirculation on the top plane of the inlet transition, which
in turn causes the flow entering the superheater to be much
faster near the bottom of the model than near the top.

The flow velocity is generally higher near the sidewalls than
near the centerline (Z = 0.0 inches).

The axial velocity of the flow increases by a factor of 1.7
when the gas passes between a row of cooling tubes and by a
factor of 1.3 when the gas passes between a row of steam
tubes,

The highest turbulence intensities occur behind each tube
row, especially between tube rows that are closely spaced.
The ash-seed hopper cavities at the bottom of each
superheater section do not have a significant effect on the
gas flow.

Recirculation or a wake occurs behind each tube in the gas
flow. The higher the velocity of the gas, the larger the

wake 1s,
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7. Almost immediately after the gas passes out of an area con-
taining tubes, the effect of the tubes on the flow disappears

and the flow tends toward uniformity.

4.2 Conclusions

The following conclusions can be drawn from the superheater model

study:

l. The recirculation in the inlet transition due to the
geometric configuration of the ash-seed hopper and inlet
transition reduces the efficiency of the superheater because of
the reduction of heat transfer due to insufficient flow velo—
city in the top section of Test Section 1. Ash deposition is
expected to be increased in the bottom section due to
excessive flow velocity and in the top section due to higher
turbulence intensity.

2. The flow across the Y-Z plane becomes uniform before it
reaches the cooling section.

3. Ash deposition rates are expected to be highest in the front
row of tubes in each section where the most particles strike
the tube surface, where mean velocities are highest, and
where turbulence velocities are the highest.

4. Periodic flow oscillations occur behind the cooling section
tubes due to vortex shedding. These periodic flow oscilla-
tions damp out quickly after the gas passes between a row of
cooling tubes. There are no significant flow oscillations

behind the steam tubes.
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5. Velocities of the gas flow in the SHTM are uot high enough

anywhere in the SHTM to induce any significant amount of

erosion,
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5.0 RECOMMENDATIONS FOR SHTM MODIFICATIONS

Based on the conclusions drawn from the superheater model study,
the following recommendations for improving the efficiency of the
superheater can be made:

1) The anticipated nonuniform ash deposition and heat transfer
in Test Section 1 caused by the recirculation in the inlet
transition can be eliminated by one of these three methods:
A. Change the ash-seed hopper and inlet transition con-

figuration to produce a smoother flow into the inlet
transition so that the gas flow is more uniform when it
reaches Test Section 1.

B. Increase the length of the inlet transition so that the
flow is uniform before it reaches Test Section 1. This
would also allow more particles to fall to the bottom
before they reach Test Section 1.

C. Install a flow straightener at the inlet transition
entrance. The flow straightener would have to be made
from a material that can withstand a temperature of
2300°F.

2) 1Increase the distance between the last row of cooling tubes
and the first row of steam tubes in Test Section 1 to reduce
the turbulence velocity in this region and thus reduce ash

deposition.
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3) Sootblowers should be operated in front of each section of
tubes and between the cooling tubes and steam tubes in Test
Section 1 to reduce ash deposition.

These recommendations should be incorporated only if they are

cost effective. They could also be beneficial in the design of future

MHD steam generation systems.,
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