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ABSTRACT

The ptjoerties of a regenerative heat exchanger consis
ting of a bed packed with ceramic spheres was investigated 
to determine how effectively it might be applied when 
coupled with an aggregate drier of the type commonly used 
in the asphalt paving industry. The different variables 
considered in this analysis were sphere diameter, inlet 
temperature* flow rate* and percent composition of water 
vapor in the simulated drier exhaust.

A computer program was developed that utilized a finite 
difference form of the energy balance incorporating the 
heat transfer coefficient. For a heating cycle of the 
packed bed* the program gave results that were in excellent 
agreement with experimental data toward the entrance of the 
packed bed but grew progressively high as one proceeded 
toward the exit of the bed. This divergence was attributed 
to radial heat losses not accounted for by the program and 
to uncertainty in the exact value of the heat transfer 
coefficient•
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^ ADo sctT

INTRODUCTION ^ A D q *1*58

The asphalt paving industry utilizes a drier (usually 
of the direct heating rotary variety) for the purpose of 
drying aggregate before the aggregate is mixed uiith asphalt 
cement and packed into road beds. The aggregate must be 
dried to less than 0.5$ moisture content before being mixed 
uiith the asphalt cement in order to prevent rapid deteriora
tion of road beds due to Winter freezing and thawing.

These driers, as presently used, are very inefficient 
in that approximately 50$ of the heating value of the fossil 
fuel is converted into hot exhaust gas. This exhaust gas 
is simply vented to the atmosphere at the rate of several 
hundreds of thousands of standard cubic feet per hour where 
it can be of no further use.

It is advantageous to make every effort possible to re
claim this lost energy, especially in light of rising fossil 
fuel costs. A heat exchanger that would transfer heat from 
the hot drier exhaust gas to the ambient temperature inlet 
air stream would perform the desired functions of energy 
reclamation and efficiency improvement. An added advantage 
of preheating the inlet air stream to the burner is that 
the efficiency of the combustion process, itself, is im
proved. The resulting effect of such a heat exchanger 
would be that significantly less fuel would be needed to 
maintain the drier at an adequate temperature for proper
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aggregate drying.
A regenerative packed bed type heat exchanger has two 

advantages over a conventional shell and tube type exchan
ger of equal heat transferring capabilities: it is cheaper
and it is smaller. Size is an important consideration be
cause mobility is a necessity for a piece of equipment used
in conjunction uiith paving.

The regenerative heat exchanger, as proposed here, 
would actually consist of two identical packed beds as shown 
in Illustration 1. While one of these beds is performing 
as a regenerator, the other is performing as a preheater. 
After a given period of time, the flows are reversed and 
the two packed beds alternate functions.

JXn this study, data will be taken from test equipment 
consisting of a dryer exhaust simulator and a single packed 
bed. Three sets of different diameter ceramic spheres will 
be used as packing material. These three diameters (l inch, 
1/2 inch, and 3/0 inch) will provide one of the variables 
of this study. The other three variables to be investigated 
are the effects of different flow rates, different inlet 
temperatures and different steam percent composition of the 
simulated dryer exhaust gas upon the heat transfer perfor
mance and efficiency of the packed bed.
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The properties of the ceramic spheres are as listed 
below.

Chemical composition - Al>2̂ 3
Hardness - 9 on the ffloh Scale
Density - 224 lb/ft
Thermal conductivity - 160 Btu-in

ft2.hr.°F
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EBUIPWENT DESIGN

A system is desired that will be capable of flowing a 
hot gas stream through a packed bed in one direction and 
flow a cold gas stream through the packed bed in the re
verse direction. The temperature, the flow rate, and the 
steam composition of the hot stream must each be indepen
dently variable, To achieve these capabilities four separ
ate assemblies were constructed. These are the packed bed, 
the hot stream gas heater, the steam generator and the 
temperature recording system. Also, there is a system of 
pipes and valves that connect the above mentioned assemblies 
in such a way as to give the desired performance. In this 
section each of these items will be discussed in detail.

The Packed Bed
To?ensure that channelling along the smooth inside walls 

of the packed bed does not become a significant factor, 
Foust* Wenzel and Clump suggested that the diameter of 
the pipe containing the packing material be at least six 
times as large as the diameter of the packing particles. 
Since the largest particles that will be tested are one 
inch in diameter the packed bed containing pipe must not 
have an inside diameter less than six inches.

Another requirement of the packed bed is that it must
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be relatively easy to disassemble so that the packing par
ticles can be changed since three different particle dia
meters are to be tested*

Another very important feature of the packed bed is in
sulation* since this analysis will be looking into the ideal 
situation uihere heat transfer from the packed bed in the 
radial direction to the surroundings is negligible.

Finally the packed bed must contain a drain since 
moisture will condense on the packing material when steam 
runs are made* The drain will prevent water from accumula
ting on the bottom of the bed and altering the flow of gas 
as well as decreasing the exposed surface area of the pack
ing material in the bed.

A 1.0 foot section of Schedule #10 stainless steel pipe 
with an inside diameter of 6.35 inches is selected to house 
the packing material. At one end of this steel pipe a one 
foot by one foot by .02 inch perforated stainless steel 
sheet is welded into place. Then on both ends of the re
sulting assembly are welded two malleable steel* six inches 
by 3 Inches* bell reducers. Finally, in the bell reducer 
at the end of the pipe opposite to the stainless steel 
sheet, a 3/4 inch nipple is screwed into place to serve as 
a drain. This drain may be capped or uncapped as desired. 
Iliustion 2 shows the form and gives the dimensions of the 
packed bed.
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Temperature Measuring and Recording System
The last and probably the most important feature of the 

packed bed is the thermocouple placement. It is important 
that these thermocouples be precisely located since the bed 
temperature is an important function of the distance down
stream from the bed entrance. Two sets of six small holes 
are drilled into the stainless steel tube. The holes in 
each of these sets are two inches apart and progress length
wise down the tube. They are located one inch from the en
trance v three inches from the entrance* etc.* with the last 
holes being eleven inches from the entrance or one inch from 
the exit. Through one of these six hole sets* permanent 
thermocouples are inserted at right angles to the tube walls 
so that the junctions are located in the gas stream at the 
canter of the bed. The thermocouple wires* except at the 
junctions themselves* are encased in double bore porcelain 
insulating tubes to prevent them from short circuiting and 
to render them inflexible so that their relative positions 
will not be altered by heating or by the pressure of the 
gases flowing past them.

The second set of six holes is used for temporary ther
mocouple placement. These holes find use in testing -for 
heat transfer in the radial direction by locating the junc
tions of the thermocouples very close to the tube wall.
Also these holes were used for the thermocouples that meas
ured the inside temperature of the one inch spheres so that
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temperatures both inside and outside the spheres could be 
comparedat points equidistant from the bed entrance* Ulhen 
these holes were not in use they were covered by heat resis
tant tape*

Two more thermocouples were located in strategic posi
tions. One just at the exit of the gas heater and the other 
just prior to the inlet of the packed bed* All these ther
mocouples were referenced against a cold junction that was 
held a constant temperature in a styrofoam ice bath. The 
potential difference generated between the hot junctions and 
cold junction were measured on a Hewlett Packard fflosely 
7100 8 Strip Chart Recorder. A pole switch with ten leads 
was used to switch in the various hot junctions.

The Hot Stream Gas Heater
Before the heater can be designed the power requirement 

must be specified. In order to specify this power output, 
the operating condition of the packed bed must be defined* 
Let the bed temperature increase by 4QQ®F. in a ten minute 
period# As an engineering approximation, assume that 50$ 
of the heat generated by the heater is transferred to the 
packed bed and that the heater itself is 50$ efficient, the 
power requirement for the gas stream heater may now be de
termined*
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where ffl

B

28.08 lb
.20 Btu/lb «F
.166 hr.

P * 5300 8tu/hr. * 1.58 kilowatts.
For reason of greater safety in operation it was de

cided to construct a heater of the electrical resistance 
type. To ensure adequate heating potential the above calcu
lated power requirement was doubled and the heater was de
signed to handle a maximum electrical power input of 3.3 
kilowatts•

(2)Perry outlined a method for constructing a wire
wound resistance heater which was closely adhered to. The 
three foot length of three inch I.D. Schedule #40 stainless 
steel pipe and wrapping it with an one-eighth inch layer of 
asbestos paper. Around this layer was wrapped two separate 
fifty-three foot lengths of 14 gauge nichrome wire. The 
wire was wrapped so that each coil was separated from its 
neighbor by not less than one wire diameter. A 1.0 inch 
layer of asbestos paper was then wrapped around the nichrome 
coils. The first thin layer of asbestos paper served only 
as electrical insulation between the resistance wire and the 
steel pipe. The second much thicker layer of asbestos paper 
acted as a heat insulator so that the heat was driven in 
toward the center of the pipe rather than escaping into the 
surroundings• Each length of resistance wire supplied 1.65 
kilowatts when 100 volts were applied.
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A three inch I.D. pipe was chosen for the heater rather 
than a smaller size so that the residence time of the gas in 
the heater was maximized and as even a further aid to heat 
transfer, the pipe was filled with steel pall rings which 
conducted heat into the gas stream from the pipe walls as 
well as increased the turbulence of the gas stream. Illus
tration 3 shows the gas stream heater and given dimensions.

The Steam Generator 
As in the case of the hot stream gas heater, the de

sired output must be specified before the power requirements 
can be calculated. The maximum lb. I^O/lb. dry air ratio 
will be set at .25. Given a dry air flow rate of .401b/min 
and utilizing the value 974 Btu/lb. for the heat of vapori
zation of water, the power requirements for the steam 
generator may be directly calculated.

lb dry airw 60 minw  « *b BtuPw * (- ̂  5 <^ 5 TF-if7 )(974 tf)

4 kilowattsx (2 . 93 x 10 “5TT77k^— )

*■ 1.71 kilowatts.

A boiler was constructed from a 2.0 foot section of 
four inch I.D. Schedule #40 steel pipe with one-fourth inch 
steel plates on the top and the bottom. The power supply 
was the wire wound resistance type similar to that used 
around the hot stream gas heater. The boiler was fitted
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with a calibrated three-fourths inch diameter polycarbonate 
plastic tube that paralleled the steel pipe of the boiler 
and served as a water level view tube* This view tube was 
constructed from polycarbonate plastic because of that 
substance's ability to withstand elevated temperatures.

A second enclosed cylinder constructed from acrylic 
plastic served as a surge tank. It was pressurized to 20 
psig by the compressed air supply that was available in the 
building. The reason for pressurization was so that water 
could be injected into the boiler which may be at a pressure 
as high as 10 psig while in operation. It was important 
that the surge tank always be maintained at a pressure 
above that of the boiler when the valve between the two is 
opened because if this was not the case, scalding hot water 
would have flowed back into the acrylic plastic surge tank 
which was not designed to handle temperatures much above 
ambient. The steam generator is shown in Illustration 4.

Orifice Waters
A critical parameter in the study of regenerative heat 

exchangers was the flow rate of the heating and cooling 
stream* For these measurements two orifice meters were con
structed. The inside diameter of the pipe in which the 
orifice plate is inserted is .800 inches and the diameter 
of the orifice itself is .375 inches. In accordance with 
Perry the orifice plate was constructed from .20/1000
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inch stainless steel plate and the downstream pressure tap 
uias located one-half of one pipe diameter downstream from 
the orifice plate and the upstream pressure tap is two 
pipe diameters upstream from the orifice plate. A water 
filled manometer was used to measure the pressure difference 
across the orifice. The formula for determining the velo
city of gas flow from pressure drop data across an orifice 
meter when the Reynolds Number is over 10,000 (which was 
the case in all experimental runs) is

A system of pipes and valves was needed to direct and 
redirect the hot and cold streams so that a periodic counter 
current flow regime occurred through the packed bed. It was 
found that in order to hold the hot stream at a constant 
temperature from the end of one heating cycle until the be
ginning of the next heating cycle, it was necessary to build 
in a hot stream bypass so that a continuous flow of gas 
could flow through the heater rather than having to periodi
cally stop the flow through the heater. Three-fourths inch 
piping and three-fourths inch gate valves were used uniform
ly throughout the system. The functions of the various 
valves will be elaborated upon in the experimental procedure

S

Pipino and Valves
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section and Illustration 5 in that section uiill illustrate 
the entire system and show the relative positions of the 
various assemblies that have been discussed above.
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EXPERIMENTAL MODELING

It is desirable to gather the most meaningful data 
possible from the least possible number of experimental 
runs* In an effort to achieve this optimum situation the 
following data gathering scheme were followed. Four runs 
were made varying only the inlet temperature of the hot 
stream gas* Flow rates, sphere diameters and steam compo
sition of heating gas will all be held constant. The fol
lowing three runs will be variable flow rate runs while all 
else is held constant. The next three runs will be variable 
steam composition runs, again, holding all other variables 
constant* After the tenth run, a new set of packing spheres 
will be loaded into the bed and the above procedure will be 
repeated* Since there are three different sphere diameters 
being considered, a total of thirty runs will be needed.
This technique will always yield four points in the domain 
where the resulting temperature distributions of the packed 
bed are the corresponding points in the range for each in
dividual parameter relative to the other parameters* To 
clarify, this will be illustrated graphically in IIlustra
tion 8*
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EXPERIWENTAL PROCEDURE

Millivolt Recorder Performance Check 
To determine the reliability of the thermocouple tem

perature readings, these readings were compared to the dir
ect readings from a mercury filled thermometer. This test 
was performed by submerging both the reference cold junction 
and the hot junction of a thermocouple circuit in an ice 
bath, which consisted of a common styrofoam ice chest packed 
with ice and enough water to ensure the thermocouple placed 
there would always be submerged, so that the recorder could 
be zeroed. The hot junction was then removed from the ice 
bath while the cold junction remained there to serve as a 
reference junction. The mercury thermometer was wired to 
the hot junction thermocouple so that the tip of the ther
mometer and the junction were only separated by a fraction 
of an inch. The hot junction and the thermometer were then 
lowered into a mineral oil bath that was gently heated over 
a Bunsen burner. The results were as follows in Table 1.
The left column indicates the direct temperature readings by 
thermometer, the center column is the temperature determined 
from a table that converts millivolt readings into tempera
tures for chromal-alumal thermocouples, and the right column 
shows the divergences. Linear regression was applied to the 
data and a straight line was found to make a very good fit 
of these data and the expression was found to be

^thermocouple * *27 * **05 # ^thermometer *
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TABLE 1. Calibration Data for Millivolt Recorder

Thermometer 
Temperature °F

Thermocouple 
Temperature ®F Difference

80 85 5
100 106 6
120 124 4

200 211 11
225 236 11
250 264 14

300 316 16
350 367 17

The thermometer used in this correlation was a common 
laboratory thermometer and could easily be off from the 
true temperature by plus or minus 2®F. For this reason, the 
constant ".27* of the above equation is highly uncertain.

The Experimental Run With No Steam
1) The heater exit thermocouple #8 (refer to previous

illustration on page 17) is removed and submerged in 
the styrofoam ice bath with the cold reference junction 
and the recorder is zeroed.

2) Thermocouple #8 is returned to position at heater exit.
3) One portion of the air flow is passed through the heater

but vented before it arrives at the packed bed. The 
other portion flows through the cooling air pipe
and is also vented before it arrives at the packed bed.
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These operations are accomplished by opening valves 
#1, 2t 8, 9, 10, 11, and 12 while closing valves 
#3, 4, and 7.

4) The two heater variacs are turned on and t.c. #8 is 
switched in for the recorder to monitor the gas 
temperature as it leaves the heater*

5) Valves #10, 11, and 12 are finely adjusted to achieve 
the desired readings and monometers #1 and 2* (As the 
gas exiting the heater becomes hotter and hotter, it 
is necessary to readjust the above valves due to the 
increasing resistance to air flow through the heater. 
After the heater has come to a steady state it is no 
longer necessary to continue readjusting the yalves
in order to maintain constant readings oh the twts 
manometers*

6) Uthen t.c. #8 indicates that the hot stream gas is up to 
the desired temperature, the first heating cycle of the 
pecked bed is begun* This is accomplished by opening 
valves #3 and 6 and closing valves #2 and 5.

7) During the heating cycle which usually lasts for one- 
half hour, all the packed bed thermocouples as well as 
the packed bed inlet thermocouple (t.c**s #1 through 
7) are periodically monitored by the recorder.

8) After the desired duration of heating is complete, the 
counter-current cooling cycle is initiated by opening 
valves #2, 5, and 7 and closing #3, 6, and 8.

9) As in Step 7, t.c.*s #1 through 7 are periodically 
monitored* Note that t.c. #7 which had been the heat
ing stream inlet temperature is now the cooling stream
exit temperature*

ID) Steps 6 through 10 are repeated once so that a complete 
run is not finished until there have been two heating 
and two cooling cycles of the packed bed* Throughout 
the run it is important to keep a close watch on manom
eters #1 and 2. It may be necessary to make frequent
minor adjustments to keep the heating and cooling flow 
rates constant*

The Experimental Run With Steam 
The steam runs were conducted identically with the dry
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air runs urith the follouiing additions in procedure. During
the warm up period of the heateri
1) The surge tank is filled by opening the water valve #15 

briefly and then closing again?
2) The boiler is filled by opening valves #13 and 14 for a 

short period and then closing again?
3) The boiler variac is turned on to the desired setting?
4) Valve #17 is opened and valve #16 is closed allowing

steam to be vented from the boiler until it is observed
that the steam is being generated at a constant rate?

5) After a steady flow of steam is being generated, valve 
#16 is opened and valve #17 is shut. This operation 
introduces the steam into the hot gas stream just prior 
to that stream's entrance into the heater?

6) After the heating cycle of the packed bed is begun, the 
water level of the boiler is determined by taking a 
reading of the calibrated view tube. At the instant of 
the reading a stop watch is begun?

7) Toward the end of the heating run, a second reading of
the boiler view tube is taken and the stop watch is
stopped. (The data obtained in Steps 6 and 7 are suf
ficient to determine the rate of steam generation in 
terms of milliliters per minute.)?

Notet A few m i n u t e s  before a steam heating run is to be
made, it is important to ensure that the water level
in the boiler is high because it would be very unde
sirable to have to add water from the cold surge 
tank to the boiler during the heating cycle b e c a u s e  
this addition of cold water would retard or even 
stop entirely the generation of steam for a signifi
cant period of time. It is alright to add water to 
the boiler during the cooling cycle when the steam 
composition of the hot stream is not critical.

Note 2t During the heating cycle the pack bed drain in un
capped but always recapped during the cooling cycle.
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THEORY

The experimental data mill be analyzed by two separate 
theoretical developments. The first of these is a dimen- 
sionless parameter method suggested by Hausen and Hottel

Dimensionless Parameter Method 
This development is fairly simple for the symmetric 

case but becomes more complex when applied to the more gen
eral nonsymmetric case. Symmetry occurs in regenerative 
heat exchangers when the flow rates, the time periods, and 
the averaged physical properties of the heating and cooling 
streams are identical. This treatment is especially advan
tageous when the initial temperatures of the heating and 
cooling streams are known and the average exit temperatures 
of these two streams are desired.

In general, the actual data taken were not at symmetric 
running conditions except in the one case of run #29 which
was run with the specific purpose in mind of applying the 

(5)Hausen-Hottel treatment to see how well it would corre
spond with actual data.

first, the heat transfer coefficient for the heating 
and cooling streams must be determined. An empirically de
veloped relationship for gas flowing through an infinite

(randomly stacked sphere matrix is given by Kays and London

2/3 ..3
NSTNPfl ' - °-23NRE
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rearranging this dimensionless relationship and solving for 
h yields

D\/p -*3 -2/3
h * 0.23(-^9) (-TT3-) vcd fk •g a

In the symmetric case h* = h" where the superscripts 
indicate cold stream and hot stream respectively. Even 
though the inlet temperatures of the two streams may vary 
widely, the average temperatures approach the same value 
so the statement of the above equality is valid.

Next, a dimensionless regenerator size is defined.

A. = A* * A"S

Cp C* r0

and ./\ P lip "
g G* rB

The subscript s denotes the symmetric case.
A dimensionless regenerator period is defined

f a * 7  = 7

where = ---
c p r3r

and » £

p r ar8 
h"8"
p fsrB s

Again, the subscript s denotes the symmetric case.
A graph was supplied where ̂  is the abscissa and
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is the ordinate* On this graph uere plotted values of
the temperature efficiency, 0g ranging from 0*1 to 0.95,
where , . „ „

a t2 - Ti Ti - t2
* * '  v  - Ti' = v  - v  *

Ulhere the ('). and (") still denote the cooling and heating 
stream respectively and the 1 and 2 denote the inlet tem
peratures and average outlet temperatures respectively* It 

* «is the T2 and values that will be solved and compared 
with the data of run number 29*

The dimensionless parameter method of solution assumes
that conduction within the solid particles is so rapid that
this mechanism offers no resistance to the heat transfer 
from the gas to the packed bed (and from the bed to the gas 
during cooling). It is assumed that conduction is so rapid
that the spheres are effectively at a constant temperature'

(?)throughout at any specific point in time. Rummel has 
provided an approximate equation that interrelates these 
factors, therefore, the validity of this assumption may be 
tested•

£ - ̂ Tlm/(9" ♦ B*)
A 1 + 1 + 1 ♦ rB

h*B" h' 9* 2.5Cp £srB K(B’*B")

The assumption is a good one if the fourth term in the above 
equation is negligible compared to the sum of the other three
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terms in the denominator. This will now be tested supply
ing data from run #12 which was a typical run in which the 
largest diameter spheres were employed, evaluating each 
term of the denominator,

JL  = 1___________________ _ ________
h#0B (6.503 x 10"4 Btu/sec®Fft2)(1800sec)

2
* .854 ft T

Btu

h " 9 " ( 5 . 3 1 8  x 1 0 " 4 B t u / l b ® F ) ( 3 . 6 ) ( 6 3 . 4 l ^ r ) ( . 0 1 3 8 9 f t )
ft

= i .045 Z & L  Btu

1 _ . 0 1 3 8 9  ft
2.5C« Btu-in .. . 1 ftw  ___ _Ps S 8 (16° 2 )(12 17;)(1800+1800)ft hr f

= .00104 ft2°r/Btu.
By inspection it can be seen that the fourth term is indeed 
negligible compared to any one of the other three terms so 
the assumption should be a good one.

A simpler and perhaps an equally effective demonstration 
of the relative nonimportance of conduction as the mechanism 
of heat transfer in the packed bed is illustrated by the 
squa t ion

u , C ^ - K 1 -

flow, looking at each term within the brackets gives
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(— ) s »5 in
K max 160 Btu in

ft2hr°F

= .nn313ft2hr°F 
Btu

ft2hf®F
= .385ft2hr°F . 

Btu

It is seen that the convection term is fully two orders of 
magnitude greater than the conduction term.

The second analysis of the data was the development of 
a computer program. This program was based on a rigorous 
theoretical development that is now presented. The heat 
balance in its most simple form may be expressed as

.This balance is applied to an incremental volume of 
both the gas stream and the solid packing material. This 
balance as expressed in words for the gas is as follows* 
heat content of gas entering the increment minus heat con
tent of gas leaving the increment minus the heat transferred
from the gas to the solid (during the packed bed heating
cycle) minus latent heat of steam condensation equals the
change in heat content of the gaseous incremental volume per 
a given unit of time. Similarly, the word balance for the 
solid increment is* heat transferred from gas to solid 
(again, during the packed bed heating cycle) plus latent 
heat of steam condensation equals the change in heat content 
of the solid increment per unit of time. This latter

Theoretical Computer Program Analysis

q. - q + q . s q in out gen M (i)accum
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balance is the simpler of the two since there is no flow in 
and out of the incremental elemental involved•

first, the mathematical expression for the gas balance* 
considering the case when the steam content of the gas 
stream is zero, yields the following and is given in its 
finite difference form.

The computer program employed an explicit finite dif
ference method for determining a temperature distribution 
within the packed bed at any future point in time given an 
initial temperature distribution at time zero. To accom
plish this a two dimension array was used* one dimension in 
packed bed length and the other in time. (It is assumed 
that there is no radial heat loss thus the only temperature 
gradient will be in the axial direction.) Equation 2b, ex
pressed in a subscripted form suitable for computer solution.

where the heat transfer coefficient h is calculated in the 
manner presented in the beginning of this section.

Solving the above equation for the new temperature of

(Tout ,new-Tout)g Hg -----__-- -----
(2a)

gCpgTg(N,B)"'flgCpgT9(N + l.B)"M T̂g(N+l,B)”T8(N*l,&)^
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the increment after a duration of A0 gives

Tg(N+l,0+l) * Tg(N^l,0)'f (WgA0/6 V^ Tg(N ,0)“ Tg(N+l,0)^

- f S f c T  (t q(n *i .b )- (3)
9 g

The solid balance in its subscripted form is

hA(T - T .) = (l-e)V^CD Ts(n*1>6*1)9(n-i,0) s(n+i,0) rg ps -t8(n^1 B)
A0

(4)
and solving for the neui temperature of the solid increment 
after A0 gives

6hA0_
V p

t — T * 6hA0 / _
s(N+l,8+l) ” s(N+l,0) (l-6)Df C g(N+l,8)

" Ts(N + 1,0)^

Utilizing equations (3) and (5), the computer solves 
for the new temperatures for the gas and solid at node N 
then proceeds to node N+l (the next increment down stream) 
and again solves for the new temperatures* In a like man
ner the computer proceeds down the length of the packed bed 
calculating incremental temperatures for time 0+1 at all 
values of N* After the completion of the operation the com
puter returns to the first node and repeats the operation 
now solving for temperatures at time 0+2, etc. In this
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manner, the computer can predict the temperature distribu
tion after any desired duration of time.

The solution becomes somewhat more complicated uihen 
steam in the hot gas stream is considered due to the added 
factor of condensation of water vapor which is a strongly 
exothermic reaction. In this solution it will be assumed 
that no condensation occurs when the gas stream is above 
its saturation temperature and when it is below the satura
tion point# all of the heat transferred from the gas to the 
solid will be carried by the condensation mechanism such 
that the gas element loses no sensible heat.

By linear regression the relationship

Tsat " 10.2*4212 + -314(lO910^H20>

was determined. This expression gives the saturation tem
perature of the gas stream as a function of the weight frac
tion of water vapor in the stream.

If the gas stream temperature is above Tgaj. for a par
ticular increment* the computer calculates a new incremental 
temperature in the same manner it did when steam was not a 
factor# However# when it occurs that the incremental gas 
temperature is below the Tga  ̂ for that increment, equation 
(3) is reduced to simply
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but at this point the water content lost from the gas stream 
due to condensation must be accounted for since the Tga  ̂ for 
that increment in the next unit of time is dependent upon 
this information. This is done by determining the differ
ence in the values for T(N+it0+i) as calculated by equation 
(3) from that when calculated by equation (6) divided by the 
temperature rise that would occur if all the latent heat 
contained in the water vapor as it entered the increment 
were converted into sensible heat. Designating this frac
tion as Y and expressing as an equation gives

y - T (N + l t O  + l ) b y  eqXfi) - T ( N + l , Q + l ) b y  ec),(3) ^
T of increment if all latent heat were 
converted to sensible heat

The-dimensionless quantity Y corresponds to the frac
tion of water vapor condensed in the increment so that the 
new partial weight can be calculated by the relation

' .„20(l.v) . „tlr '

Once the new partial weight of water vapor in the stream 
is determined a new Tgat can be calculated.

As in the case of the gas stream, the method of calcu
lating the new solid incremental temperature is unchanged 
from the non-steam case when the incremental gas temperature
is above ̂ sa »̂ the solid heat balance becomes
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 ̂ s s
(9)

solving equation (9) for t s (n +i n+i) gives

T T yH20 A H vap A B
s(N+l,9+1) = Ts(N*l.B)

s s
The use of equations (l) through (9), as presented 

above with the proper logical command statements, enables 
the computer to solve for future temperature distributions 
uiith an initial input of the initial temperature distribu
tion down the length of the packed bed, the inlet tempera
ture of the hot gas stream, the flow rate of the hot gas 
stream and the weight fraction of water vapor in the hot gas 
stream.

The advantage of this computer program is that it is 
theoretically sound and the resulting distributions can be 
given a high degree of confidence. The disadvantage lies in 
the stability requirements and resulting computer costs.
The limiting stability equation as derived from the gas 
balance is

1 . WoA0 6hae 0
evpg oe9cP - °*

y 9

Ulhen the number of length increments is set at 20, A9 was 
forced to values as low as ,015 sec and was never higher 
than ,03 sec. If the number of length increments were
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reduced the allowable 40 would become larger but, of course, 
there is a limit to how much one would want to reduce the 
number of length increments and still expect an accurate 
solution* Ulith such a stringent limitation of the size of 
40, the computational expense of determining a temperature 
distribution a half hour in the future is enormous. Fortu
nately it was discovered that reducing the number of length 
increments from twenty to six did not appreciably alter the 
results but did cut the computer expense by a full order of 
magnitude so that the cost of running the program was re
duced from prohibitive to merely expensive. Graph 1 illus
trates the computer determined temperature distribution af
ter one half hour of heating when twenty length increments 
were used and when only six length increments were used.
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RESULTS

The experimental equipment demonstrated itself to be 
consistant in that it u/as able to duplicate results quite 
satisfactorily when runs were made on different days but 
with the same running conditions. The following pairs of 
runsf as seen in Appendix Cf demonstrate this. Dry runs 1 
and 11? steam runs 19 and 40} and steam runs 20 and 41. The 
results of the dimensionless parameter method will be dis
cussed now. Afterwards a more detailed discussion of the re
sults of the theoretically modeled computer program will be 
presented.

Results of Dimensionless Parameter Method 
.The data presented below correspond to the symmetric

experimental run number 29.

<1 s 224 lb/ft3

c p s .214 B.T.U./lb«F

CP s .252 B.T.U./lb«F
90 s 1800 sec

s .38
L s 1.0 ft.

rB s .00521 ft.
Go s. .0380 lb/ft3sec F
h * s h* = h" = .0007237 B .T.U./ft3sec°F

V s 73 °F
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420®F

As

*s 8

The value for 0S is determined from the Graph 2 pre
sented on page 38. Rearranging the above equation and sol
ving for the average outlet temperature of the two streams 
gives

The average outlet temperatures as determined from the 
experimental run are

T V  * 362
1 exp

v  * 129•2 exp
This is a fairly good correspondence and does give credence 
tor the validity of the experimental run data.

fts can be seen from the graphed results, the theoreti
cal temperature distributions are consistently higher than 
the experimentally determined values during the packed bed 
heat up cycle. This is especially true toward the exit end 
of the packed bed.

Art initial attempt to explain this divergency was to

T2* » 351 ®F 
T2" * 142 ®F

Results of the Computer Analysis
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relate it to the fact that the confidence level of the heat 
transfer coefficient was not very high. Graph 3 illustrates 
the resulting theoretical temperature distributions when the 
heat transfer coefficient is increased by a factor of 1,5 
and then decreased by a factor of 1.5. This 1.5 factor is 
somewhat larger than the maximum deviation that might be ex
pected to occur but it is seen that the divergency between 
the experimental and theoretical is still not fully explained 
by this approach. (For full information concerning the ex
perimental runs graphed in this section, refer to Appendix 
C.)

liext it was considered that heat loss in the radial 
direction was in fact not insignificant as it was assumed 
to be in the theoretical treatment. To check for the degree 
of radial heat loss, an initial assumption must be made.
Since adequate data on the temperature distribution of the 
solid throughout the bed was lacking, it was assumed that 
the temperature divergency between the theoretical and ex
perimental solid temperatures corresponded to that diver
gency observed in the gas temperatures. This is a very cri
tical assumption because the heat capacity of the solid is 
so much larger than that of the gas occupying the packed bed 
that the latter value is reduced to insignificance in com
parison.

The difference in heat content of the packed bed as 
predicted by the theoretical model and that observed
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experimentally la determined for run #18 after ten minutes 
of heating.

A® * me (T - T . ,P8 ave, theoretical ave, experimental

■ (30.9)(.228)(31.8)
* 224 B.T.U.

A significant amount of the above calculated can be 
explained by the heat loss from the packed bed itself, into 
the steel pipe containing it. The steel pipe is very thin 
and its thermal conductivity is quite high so that the steel 
pipe may be taken to be the same temperature as the hot gas 
stream within the bed. Calculating the heat absorbed by the 
steel pipe,

40st.el * (Msteel)(Cpest80l)(Tg . ”Tg. ... .Ks *ave,10mm ^initial
* (2.37 lb)(.12££ii )(227«F)lb*F
* 65 Btu.

Next, it was asked how much heat was conducted from 
the outside of the steel pipe through the one inch of cera
mic wool insulation and into the room. The appropriate 
equation is

AQ . s M  (t . ,-tcond l steel amb

Values for the thermal conductivity for rock wool and glass 
wool were found to be .28 8tu/ft hrpF/in and assuming the 
thermal conductivity for ceramic wool will not vary signifi
cantly from this value, the following calculation was made.
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= (.28Sluin_)(l.98ft2)(227°F)(.1667hr/l.0in) cond Ft hr °F

= 21 B.T.U.
After considering the above two factors which sum up 

the radial heat loss from the packed bed, the Q between 
theoretical and experimental results of run #18 after ten 
minutes of heating were cut from 224 B.T.U. to 138 B.T.U* 
so it was seen that radial heat loss in the experimental 
equipment was not entirely insignificant*

Although there were not enough thermocouples embedded 
within the solid spheres to get an experimental determina
tion of the temperature distribution of the solid through
out the bed. a single thermocouple embedded in a one inch 
diameter sphere located the same distance from the bed en
trance as thermocouple #4, which was exposed to the gas 
stream, gave the results as illustrated on Graph 4* It is 
noted that the solid and gas temperatures do not vary wide
ly which lends support to the possibility that the heat 
transfer coefficient used in the theoretical model was low* 
Graph 5 illustrates the theoretical convergence of the solid 
and gas temperatures throughout the bed as the heat transfer 
coefficient is changed*

Graph 6 illustrates an effort to determine the degree 
of radial heat loss by recording the temperatures at six 
locations down the length of the bed that were one half 
inch from the bed wall (line 2) as well as those
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temperatures taken down the center of the bed (line l). It 
was expected that if radial heat loss was significant9 line 
2 would have been below line 1 throughout the length of the 
bed but as seen from the graph, these lines cross over 
shortly beyond the entrance of the bed. The unexpected high 
values of line 2 indicated that there was enough channeling 
occurring adjacent to the smooth walls of the steel tube to 
offset the development of a radial temperature distribution 
that would be expected to occur if significant radial heat 
loss from temperature data within the packed bed, alone, it 
was expected that the channeling phenomenon actually in
creased that radial heat loss due to its providing a larger 
AT driving force at the tube walls.

-Graphs 7* 8, and 9 illustrate the results of theoreti
cal versus experimental gas temperature distributions during 
various run conditions.

4 useful set of information for the engineer to possess 
concerning heat exchangers is effectiveness data, effective
ness is defined as the ratio of actual heat transferred to 
the theoretical maximum amount of heat transfer possible.
In the case of a regenerative heat exchanger after it has 
been through a number of heating and cooling cycles and has 
reached cyclic equilibrium, the only heat not recovered 
(assuming no radial heat loss) will be that heat which 
breaks through the exit end of the bed during the heating 
cycle before the beginning of the counter current cooling
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cycle that follows. It was found experimentally that the 
packed bed had closely converged upon this cyclic equilibr
ium after only one period of heating and cooling. A second 
computer program was developed for the purpose of effective
ness predictions and will not be discussed in detail except 
to state that its basis was empirical rather than theoreti
cal and it was developed as a curve fitting tool. After the 
program was fashioned to predict temperature distributions 
of actual experimental runs under different running condi
tions that the experimental equipment would be expected to 
generate under new running conditions. Graphs 10 and 11 
show how well the empirical computer solution fits with run 
data in two different sets of run conditions. Graph 11 is
of special interest because it is a steam run. The steam
run actually demonstrates two breakthrough points. One oc
curs immediately after the starting of the heating cycle 
while the second breakthrough occurs much later and is very 
similar in nature to the breakthrough that occurs in the 
non-steam cases.

Using the empirical program the effectiveness was de
termined for a base condition where the input data were 

***AH *■ air/hr heating stream = 25.0
WAC * a^r/^r cooling stream * 25.0

R = lb H20/lb air =0.0
T * inlet temperature * 400QF H
Tq • outlet temperature = 73 °F 
Sphere diameter * .375”•
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The effectiveness for this base run was found to be *916. 
Then the effect of sphere diameter was checked by varying 
only that parameter and holding all other input data con
stant* The results are given in Table 2*

TABLE 2. Effectiveness Vs. Particle Diameter

Diameter Effectiveness

*375 • 916
.50 • 888

• O o .693

As can be seen, quite a sharp fall off in effectiveness oc
curs as the sphere diameter is increased*

Next the effect of addition of steam in the hot stream 
on effectiveness is investigated* The effectiveness was 
found to fall off very drastically which was not a total 
surprise in that the rapid first breakthrough as seen on 
Graph 11 was expected to take its toll on effectiveness.
The effect of the addition of steam in the hot stream is 
shown on Table 3*
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TABLE 3, Effectiveness Vs, Steam Percent 
Composition of Heating Gas

Lb H20/Lb Dry Air Effectiveness

.00 .916

.05 .726
• 10 .5897
.15 .456
.20 .310
.25 .173
.30 .022
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CONCLUSION

Generally speaking a regenerative heat exchanger com
posed of a packed bed has great potential in industry in a 
roll of energy reclamation because it is simple to design, 
inexpensive, and is much smaller than the conventional shell 
and tube heat exchanger*

However, the regenerative heat exchanger in the spe
cific capacity of an energy reclaimer for an aggregate drier 
has one severe limitation and that is the effectiveness of 
such a unit as it is normally used is severely impaired uihen 
the hot cycle stream contains a significant weight percent
age of steam. Unfortunately, by the very nature of an ag
gregate drier, steam in the exhaust stream is unavoidable. 
But the regenerative heat exchanger may yet be salvaged in 
this capacity in two possible ways.

1) Excess air may be added to the drier exhaust 
stream which will effectively reduce the weight 
percentage of the steam in the hot gas exhaust 
stream. That, plus operating a relatively long 
packed bed for relatively short cycles will 
combine to reduce the loss of effectiveness 
'inherent when stear is present so that the 
operation might prove to be practical afterall*

2) It might be possible to modify the usual appli
cation of the regenerative heat exchanger so that 
the energy it reclaims is primarily that of the 
heat of vaporization of water in the exhaust 
stream rather than the sensible heat from that 
stream 974.Btu/lb H2O condensed is far from an
insignificant figure. Such an operation would 
have to work in very short cycles and the water 
must effectively be removed from the bed after 
each condensation cycle so that the water will
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not be reintroduced into the drier during the 
heat recovery cycle.

It is hoped that this thesis has demonstrated the pro
perties and characteristics of a regenerative heat ex
changer as well as clarified the problems involved with the 
specific application of coupling such a unit with an aggre
gate drier*
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RCCOWmENDATIONS

Further research with the equipment in its present 
state or with relatively minor alterations presents itself 
along the following two lines*

1) By collecting a considerable amount of data and 
conducting an in-depth statistical analysis an 
accurate relationship expressing effectiveness 
in terms of the packing material used (where 
both shape and composition may be varied), as 
well as the length of the packed bed, cycle 
time, the steam composition of the hot stream, 
the flow rates of the heating and cooling 
streams, and finally, the divergence from sym
metry of those flow rates.

2) Various packing configurations within the bed 
may be investigated with the purpose in mind
of optimizing the rate and efficiency of remov
al of condensed water so that the feasibility of 
operating a system primarily concerned with the 
reclaiming of the heat of vaporization of high 
steam content streams can be determined. This 
may be especially desirable since steam contents 
in the exhaust from aggregate driers may reach 
as high as 50$ by weight composition.

3) Since it appears that a good portion of the devi
ation between the experimental and theoretical 
results observed in this study were due to radial 
heat losses it is suggested that the inside walls 
of the packed bed be insulated thus significantly 
reducing heat transfer from the packed bed to the 
steel container. Because of the lack of such in
sulation this radial heat loss was unavoidable in 
this study.

4) An experiment that would be very conclusive in 
demonstrating the relative nonimportance of .con
duction as a mechanism of heat transfer in packed 
beds would be the location of two or more thermo
couples inside a ceramic sphere at different radi
al positions thus generating a temperature distri
bution curve within a single sphere.
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NOMENCLATURE

A * area, ft
C « heat capacity Btu/lb°F 
D * diameter of shpere, ft.
g_ » conversion factor, 32.174 (lb mass)(ft)/sec )(lbw

force)
G0 »■ superficial mass flow rats per unit area (when

no packing material is present), lb/ft^sec
h « heat transfer coefficient, Btu/ft^ sec°F
K = thermal conductivity, Btu/ft^ sec°F/in
L = length of packed bed, ft
ffi = mass, lb
P = pressure, lb/ft
P = Prandtl Number, dimensionless r
Pw » Power, Btu/hr? kilowatts 
Q = heat content, Btu
q = heat Flux, Btu/hr
rR * volume of packing material/unit surface of 
B packing material, ft

R s Reynolds Number, dimensionless9
5 * cross sectional area

= Stanton Number, dimensionless 
T = temperature, °F
Tjf * inlet temperature of cold stream, ®F
T^* = inlet temperature of hot stream, ®F
Tj* = average outlet temperature of cold stream, °F
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T̂ ** s average outlet temperature of hot stream, ®F 
Tgat ■» saturation temperature, °F

V » volume, ft^
v « velocity ft/sec
U1 s mass flow rate, lb/sec
y s fraction of water condensed, dimensionless

€ s porosity, dimensionless
X  . regenerator size, dimensionless 

regenerator period, dimensionless 
0 3 temperature efficiency, dimensionless

3 density, lb/ft^
^  3 viscosity, lb/sec ft

Subscripts g and s denote gas and solid respectively except 
in the case of As* ^  and where the s denotes symmetri
cal.
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APPENDIX A

THE THEORETICALLY BASED COMPUTER PROGRAM LISTING

DIMENSION TG(21,3), TS(21,3), UIH20(2)
100 FORMAT(6Fi0.3)
500 FORMAT(5F13.8)

PSIG*3.0 
WINCH»7.50 
DUCK-0.0 
TINC*.03 
PQRs.38 
DIA*.08333
ROGORs. 0808*492./533.*(12.15*PSIG)/l4.7 
\/EL0R=.63*(64.3 4*5.202*UiINCH/(20.9*R0G0R))**5. 
ALINC*•05
CA0Rs3.141*(.8/24.)**2. 
CABED«3.141*(6.35/24.0)**2. 
VELBA*VELOR*CAOR/CABED 
UJA IR*VEL0R*R0G0R*CA0R 
ROS-3.60*62.3 
Um20(l)s.00001 
US*ALINC*CA6ED*(1-POR)
VG—ALINC*CA8ED*P0R 
A*US*6./DIA 
U^UiAIR UJH20(l)
PA IRsUJA IR/ !JU 
PH2QSU1H2Q ( 1) /UJ 
AHVAP=974.2 
DO 30 Ns1v 4 
TS(N»1)s165.

30 CONTINUE
DO 31 N=l,3 
TS(N 4,1)=152.

31 CONTINUE
DO 32 N=lt3 
TS(N 7#1)*121.

32 CONTINUE
DO 33 N=l,3 
TS(N 10,l)=96.

33 CONTINUE
DO 34 N=l,3 
TS ( N 13,1)*87.

34 CONTINUE
DO 35 N= 1,4 
TS(N 16,1).84.

35 CONTINUE
DO 1 N=l,21 
TG(N,l)sl00.
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1 CONTINUE 1=0
104 CONTINUE

1 = 1 1
IF(1-10000)41,41,2 

41 TGI=333.
GO TO 12

2 IF(1-20000)3 ,3,4
3 TGI=372.

GO TO 12
4 IF(l-30000)5,5,6
5 TGI=385.

GO TO 12
6 IF(l-40000)7,7,8
7 TGI=393.

GO TO 12
8 IF(1-50000)9,9,10
9 TGI=400.

GO TO 12
10 IF(1-60000)11,11,13
11 TGI=406.
12 00 101 N=2,20 

yEL8=VEL3A*(TG(N,l)+460.)/533.
ROG=ROGOR*12.15/(12.15+PSIG)*533./(TG(N,l) 460.) 
C=(TG(N,l)-100.)/500.
CPG=PAIR*(.250+.006*C) PH20*(.440+,0068*C)
CPS=.1698 +.000197*TS(N,1)
VIS P(. 01S48 + . 000 02 l*TG(N,l))*. 000672
r e = d i a * v e l b * r o g / v i s
PR=( .73+UIAIR+1,0*!»IH20( 1) )/j|
AH=.23*RE**-.3*PR**-.667*VELB*R0G*CPG
TiUB=10.**(2.4212+.314*ALOG10(PH20))
TG(l,2)aTG(l, l)+T INC*Ui/( VG+ROG )*( TG I-TG( 1,1) )

2 -6.«AH*TINC/(DIA*P0R*CPG*R0G)*(TG(l,l)-TS(l,l)) 
TS(l,2)=TS(l,l)+6.*AH*TINC«(rG(ltl)-TS(l,l)y 

2 (DIA*(1-POR)*ROS*CPS)
TG(N,2)=TG(N,l)+TINC*W/(VG*R0G)*(TG(N-l,l)-TG(N,l))

2 -6.*AH*TINC/(DIA*P0R*CPG*R0G)*(TG(1,1)-TS(1,1))
1F(TG(N ,2)-T!UB )22,22,23

2 2 TTC»UI*PH20*AHVAP*TINC/(VG*CPG*RQG)
I4H20(2)=U)H20( 1 )*( l.-((T'j|B-TG(N ,2) )/TTC))
IF(UIH20(2) )24,25,25

24 TG(N,2)«TG(N,2)+(TGN,l)-TG(N,2))*UIH20(l)/(WH20(l)-tllH20(2)) 
WH20(2)=.00001
GO TO 26

25 TG(N,2)=TUIB
26 CONTINUE
23 WH20(2)*:DH20(1)

PH20=UIH20(2)/(iVAIR WH20(2.)) 
tU=U/H20(2) U1AIR
TS(N,2)=TS(N,1)+6.*AH*TINC*(TG(N,1)-TS(N,1))/(OIA*(1.-POR) 

2 *ROS*CPS) +AHUAP*(UIH20( 1 )-UIH20(2 ) )*TINC/(VS*ROS*CPS)
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WH2Q( 1)=WH20( 2 )
101 CONTINUE 

TG(21,1)=2*TG(20,J)-TG(19,2)
TS(l,1)=TS(1,2 )
TG(l,l)=TG(1,2)
00 102 ,N=2,20 
TG(N,l)=TG(N,2)
TS(n ,1)=TS(N,2)

102 CONTINUE 
DUCK=DUCK*1.
IE(DUCK-300.)40,40,50 

50 WRITE(4,100)TG(3tl),TG(6,l),TG(9,l),TG(l2,l),TG(l5,l)
2 ,TG(18,1)

WRITE(4,100)TS(3,l),TS(6,l),TS(9,l),TS(12,l),TS(l5,l), 
2 TS(lB.l)

DUCK=0.0 
40 GO TO 104 
13 END
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APPENDIX B

THE EMPIRICALLY BASED CURVE FITTING COMPUTER PROGRAM LISTING

DIMENSION TG(32,32), TS(32,32), T(3)
100 FQRMAT(6F9.2)
201 FORMAT(3F15.8)

CTHE STATEMENT BELOU) IS AN EMPIRICAL ADJUSTMENT 
CPARAMETER WHICH CORRESPONDS TO A FINITE RATE OF 
CHEAT TRANSFER FROM THE GAS TO THE SOLID 
B*.5Q 
F **730
ttfA*25.00/60.0*F
WH2Q = .001*UJA
AHVAP*974.2
Mai
2* 1.0
DIAal.O
N*Q
KaQ
SUMOQaQ
TINC*30.0/30.0 
DO 30 1*1.5 
TS(l,l)=187.

30 CONTINUE
DO 31 1*1.5 
TS(1*5,1)*137.

31 CONTINUE
DO 32 1*1,5 
TS(l+10,l)*108.

32 CONTINUE
DO 33 N*1,5 
TS(1+15#1)*84.

33 CONTINUE
DQ 34 N*l.5 
TS(l+20,l)=76.

34 CONTINUE
DO 35 N*1,5 
TS(l+25,l)*74.

35 CONTINUE
DO 40 J*1,5 
TG(1,J)=251.

40 CONTINUE
DO 41 J*lf5 
TG(l,J+5)=323.

41 CONTINUE
DO 42 J*l,5 
TG(l#J+10)a370.

42 CONTINUE
DO 43 J=l# 5
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TG(1,J+15)=390.
43 CONTINUE

DO 44 J=1.5 
TG(l,J+20)=404.

44 CONTINUE
DO 45 J=l,5 
TG(l,J+25,1)=413.

45 CONTINUE
SO DO 9 J*l,30

DO 8 1=1,30 
PH20=U)H20/(UJA+ti)H20)
PAIR=1.0-PH20
CPS = .163 + .05'«Crs(l, J).32.)/180.
C=(TG(I,J)-100.)/500.
CPG=PAIR*(,250+.006*C)+PH20*(.440+.036*C)
EBG=tlfA +WH20 )*TINC 
RAT*UIH20/WA
TWB=10.**(2.4212+.314*AL0G10(RAT))
EBS=.936*Z
T(M) = (EI«G*CPG*TG(I ,j)+EnS*CPS*TS(l, J)/(EIDG*CPG+ENS*CPS)

4 IF(M-2)ll,ll,12
11 IF(T(m)-TWB)2,2,3
2 T(m»l)=T(m) + (U(H20)*TINC*AHVAP/(CPS*E«S) 

m=m+i
GO TO 4

3 IF(m-l)5,5,6
6 CONTINUE

WH20=UIH20-(TUIB-T( M-1) )*CPS*EBIS/AHVAP
T(m)=TUJB
GO TO 5

12 T(ffl)=T(m)-(UIH20)*TINC*AH\/AP/(CPS*EmS)
5 DELT=B*DIA*(TG(I,J)-TS(I.J)) 

TS(l,J+l)=T(m)-DELT*EmG*CPG/(EI»IS*CPS)
TG(1+1,J)=T(W)+DELT
B=1

8 CONTINUE 
SUBI=0.0sumo=o.o
DO 200 1=1,30
OHI*(TS(I,J+l)-TS(I,J))*EmS*CPS 
sumi=sufni+DHi 

200 CONTINUE
sum0Q*sumi+suM00 
DO 300 L«l,J
DH0«(TG(30,J)-TS(30,l))*EfflG*CPG 
sumo=DHO+sumo 

300 CONTINUE
EFF=(sumoo-sumo)/sumoo
IF(TG(I,J)-74.)9,9,13

13 UIH20=.001*UIA
9 CONTINUE 

WRITE(4,20l)SUm00,SUm0,EFF
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APPENDIX C

Tabulation of Experimental Data
RUN #i

Heater exit gas temperature = 563°F 
Cooling gas temperature * 73°F 
Hot stream orifice meter data:

Up stream pressure = 3.65 psig 
Manometer reading =7.50 in H2O 

Cold stream orifice meter data:
Up stream pressure * 3.75 psig 
Manometer reading = 13.50 in H2O 

Steam percent composition * 0.0%
Ceramic sphere diameter * .5 in.

Time Thermocouple temperatures expressed in ®F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 174 164 154 147 146
------ i.

144
5 300 210 175 158 147 146
10 358 283 220 183 158 149
15 382 331 270 225 182 165
20 396 357 316 265 206 183
25 406 379 350 305 242 204
27 410 385 360 316 251 212

Cooling cycle
5 368 316 251 204 168 158
10 321 250 190 172 160 154
15 274 220 182 165 156 149
20 233 196 173 160 152 147
25 201 174 165 156 149 142
27 1 169 160 154 147 140
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RUN# 2
Heater exit gas temperatures 684°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data*

Up stream pressures 3,80 psig 
Manometer readings 7.50 in H2O 

Cold stream orifice meter data*
Up stream pressures 3.90 psig 
Manometer readings 13.50 in H^O 

Steam percent compositions 0.0%
Ceramic sphere diameters .5 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 214 179 163 156 152 146

10 361 284 196 170 156 146
20 444 336 259 206 173 152
30 476 410 331 260 201 171
40 485 450 389 310 236 198
45 491 466 411 346 264 216
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RUN# 3
Heater exit gas temperature* 609°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 3.87 psig 
Manometer reading* 7,50 in H2O 

Cold stream orifice meter data*
Up stream pressure* 3,00 psig 
Manometer reading* 13.50 in ^ 0  

Steam percent composition* 0.0%
Ceramic sphere diameter* -5 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 183 165 156 147 146 144

10 342 236 195 166 154 150
20 384 307 239 192 163 149
30 411 372 299 236 189 165
40 426 406 353 287 223 188
50 , 440 431 390 333 261 215

Cooling cycle
10 400 363 321 269 207 167
20 346 298 260 219 182 156
30 290 244 216 186 164 147
40 242 202 181 164 151 141
50 206 174 156 147 141 134
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Heater exit gas temperatures 423°F 
Cooling gas temperatures 73 °F
Hot stream orifice meter data:

Up stream pressures 2.95 psig 
Nanometer readings 7.50 in H2O 

Cold stream orifice meter data*
Up stream pressures 3.25 psig 
Nanometer readings 13.50 in H-0 

Steam percent compositions 0.0$
Ceramic sphere diameters .5 in.

Time Thermocouple temperatures expressed in °F
Ninutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 166 156 149 146 144 142
10 251 186 164 149 145 143
20 305 237 194 166 152 147
30 332 282 233 190 165 156
40 342 308 269 223 184 169
48 349 325 292 250 200 182

Cooling cycle
10 300 267 238 205 176 154
20 254 223 201 180 161 147

30 217 190 176 163 151 143

40 187 170 162 154 146 140
48 173 158 151 147 144 138
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RUN# 5
Heater exit gas temperature* 563 °F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 5,25 psig 
Manometer reading* 10,1 in H2O 

Cold stream orifice meter data*
Up stream pressure* 5.25 psig 
Manometer reading* 13.5 in H2O 

Steam percent composition* 0.0%
Ceramic sphere diameter* *5 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

.
0

...
152 118 110 102 88 84

10 307 193 146 112 95 92

20 378 290 213 158 118 114

30 398 356 286 217 152 128

38 413 387 335 271 198 163

Coaling cycle
10 359 305 259 204 150 112

20 295 239 201 158 121 100

30 234 186 158 126 104 94

38 192 149 131 111 98 88
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RUN# 7
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73 °F 
Hot stream orifice meter data:

Up stream pressure* 1.9 psig 
Manometer reading* 4.0 in H2O 

Cold stream orifice meter data:
Up stream pressure* 2.8 psig 
Manometer reading* 13.50 in H2O 

Steam percent composition* 0.0$
Ceramic sphere diameter* .5 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 81 77 76 75 74 74
10 158 93 78 75 74 74
20 225 137 98 82 76 74
30 269 190 131 96 79 76
40 297 230 169 120 90 84
50 316 264 206 149 106 94
60 326 290 236 181 127 109
69 336 314 262 208 147 121

Cooling cycle
10 287 244 204 158 120 94
20 231 186 155 121 96 64
30 182 140 120 98 86 80
40 142 112 98 88 79 77
50 116 96 88 82 77 76
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RUN# 11

Neater exit gas temperature- 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data:

Up stream pressures 3,25 psig 
Manometer readings 7.50 in KUO 

Cold stream orifice meter data*
Up stream pressures 3.34 psig 
Manometer readings 13.50 in H^O 

Steam percent compositions q #q$
Ceramic sphere diameters #5

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 143 116 104 95 90 88
5 222 143 115 99 90 89
10 274 178 135 110 94 91
15 311 216 160 124 100 95
20 335 252 190 142 110 102
25 351 283 219 163 121 109
30 360 305 244 182 131 117

Cooling cycle
5 320 255 207 166 120 112
10 284 222 178 130 111 96
15 250 192 157 125 104 95
20 218 166 140 115 99 95
25 192 147 126 108 96 93

30 170 131 114 103 95 92
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RUN# 12
Heater exit gas temperature3 563°F 
Cooling gas temperature3 73°F 
Hot stream orifice meter data*

Up stream pressure3 3.25 psig 
Nanometer reading3 7.60 in H2O 

Cold stream orifice meter data*
Up stream pressure* 3.35 psig 
Nanometer reading* 13.50 in HjO 

Steam percent composition* 0.0$
Ceramic sphere diameter3 1.0 in.

Time Thermocouple temperatures expressed in °F
Ninutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 165 152 130 96 87 84
5 264 182 152 118 102 98
10 308 216 178 136 114 111
15 333 244 200 156 123 118
20 351 271 222 175 137 128
25 362 290 242 194 150 142
30 372 306 254 166 165 156

Cooling cycle
5 297 234 219 172 136 120

10 260 208 198 154 121 109
15 234 187 180 138 112 102
20 213 172 166 130 108 99
25 195 160 154 122 104 97
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RUN# 13
Heater exit gas temperature*! 649°F 
Coaling gas temperatures 73°F 
Hot stream orifice meter data*

Up stream pressures 4.60 psig 
Manometer readings 7.50 in H2O 

Cold stream orifice meter data:
Up stream pressures 4.20 psig 
Manometer readings 13.50 in H2O 

Steam percent compositions 0.0/S 
Ceramic sphere diameters 1.0 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 213 172 164 130 113 108
5 328 242 216 168 140 132
10 371 280 241 186 149 143
15 397 310 264 204 162 156
20 418 334 286 225 180 170
25 432 353 308 246 196 186
30 442 360 329 269 210 199

Cooling cycle
5 367 268 272 214 169 141
10 328 262 248 194 154 130
15 300 244 227 179 143 124

20 274 228 210 166 132 iis

25 251 210 194 154 124 112

30 239 192 179 142 118 110
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RUN# 14
Heater exit gas temperatures 735°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data*

Up stream pressures 4.80 psig 
manometer readings 7.50 in H2O 

Cold stream orifice meter data*
Up stream pressures 5.20 psig 
Wanometer readings 13.50 in H^O 

Steam percent composition* O.Ô S 
Ceramic sphere diameters 1.0 in.

Time Thermocouple temperatures expressed in °F
minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 364 253 226 178 142 134
5 422 306 266 206 165 156
10 455 346 300 232 182 175
15 477 372 329 252 198 178
20 493 382 349 269 211 181
25 505 386 361 284 272 182

30 513 388 368 297 234 184

Cooling cycle
5 426 344 326 260 201 165

10 392 315 295 232 180 149

15 361 292 270 211 166 138

20 334 270 250 195 154 129

25 306 247 231 180 141 121

30 284 223 211 166 134 118
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RUN# 15
Heater exit gas temperature* 475°F 
Cooling gas temperature* 73 °F 
Hot stream orifice meter data*

Up stream pressure* 3.15 psig 
Manometer reading* 7,50 in H-0 

Cold stream orifice meter data*
Up stream pressure* 3,30 psig 
Manometer reading* 13,50 in H2O 

Steam percent composition* 0.0$
Ceramic sphere diameter* 1*0 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

Q 241 216 192 156 127 122
5 269 251 225 177 145 142
10 320 274 244 199 160 158
15 339 290 258 216 174 172
20 352 303 272 228 186 184

25 359 314 285 242 193 192

30 361 326 298 256 205 204

Cooling cycle
5 332 287 230 199 165 163

10 306 258 206 171 144 141

15 287 234 190 158 136 130

20 268 214 177 146 130 124

25 251 199 165 136 128 121

30 237 182 155 126 124 120
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RUN# 16
Heater exit gas temperatures 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data*

Up stream pressures 1.70 psig 
Nanometer readings 4.1 u 0 

Cold stream orifice meter data* 2
Up stream pressures 1.75 psig 
Nanometer readings 13.50 in H^O 

Steam percent compositions Q#o % 2
Ceramic sphere diameters 1.0 in.

Time Thermocouple temperatures expressed in °f
Wimites Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 123 118 104 88 81 81
5 202 140 128 93 85 84
10 241 162 148 106 88 87
15 267 184 166 112 92 91
20 288 206 184 124 97 96
25 304 230 200 138 105 103
30 315 250 213 151 106 104

Cooling cycle
5 262 196 170 130 100 98
10 225 165 146 115 94 93
15 195 146 131 104 89 89
20 171 131 120 96 86 86
25 152 122 112 94 84 84
30 138 114 106 93 83 83
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RUN# 17
Heater exit gas temperature* 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data:

Up stream pressures 3,20 psig 
Nanometer readings 10,0 in 

Cold stream orifice meter data:
Up stream pressures 3.40 psig 
Nanometer readings 13.50 in H2O 

Steam percent compositions 0.0$
Ceramic sphere diameters 1.0 in.

Time Thermocouple temperatures expressed in °F
Winutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

Q 198 165 152 123 96 96
5 308 234 206 154 124 123
10 348 272 237 176 142 136
15 372 300 262 194 155 149
20 390 324 284 214 172 165
25 404 343 302 234 190 180
30 412 357 318 256 206 192

Cooling cycle
5 357 292 275 221 172 152

10 318 256 242 195 152 130

15 289 232 219 175 138 120

20 266 212 201 160 131 114

25 244 196 184 147 121 109
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RUN# 18
Heater exit gas temperatures 563 °F 
Cooling gas temperatures 73°F 
Rot stream orifice meter data:

Up stream pressures 4*10 psig 
nanometer readings 14,00 in 1^0 

Cold stream orifice meter data:
Up stream pressures 4.30 psig 
nanometer readings 13.50 in H^Q 

Steam percent compositions 0.0$
Ceramic sphere diameters 1.0 in.

Time Thermocouple temperatures expressed in °F
Nlnutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 264 218 207 165 136 121
5 354 290 252 199 164 156
10 393 328 288 225 186 179
15 415 352 314 245 206 199
20 430 374 336 267 226 218
25 440 390 354 290 244 234
50 447 404 371 314 264 250

Cooling eyele
5 405 356_ 334 277 230 196
10 374 318 304 249 204 170
15 350 293 278 225 184 156
20 326 272 258 206 169 144
25 302 252 237 190 155 134
30 280 234 220 176 143 124
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RON# 19
Neater exit gas temperatures 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter datai

Up stream pressures 2.50 psig 
Manometer readings 7.50 in HUQ 

Cold stream orifice meter data*
Up stream pressures 2.80 psig 
Manometer readings 13.50 in H?0 

Steam percent compositions 7.5$
Ceramic sphere diameters 1.0 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 147 121 112 92 76 68
5 269 192 178 124 95 90

312 227 199 134 118 112
15 340 256 223 152 130 124
20 361 284 246 174 144 138
25 377 310 269 198 158 154
m 393 329 292 225 163 161

Cooling cycle
5 304 232 218 173 137 119
10 272 202 192 147 121 107

IS 250 190 179 138 114 104
20 223 174 165 129 109 i02
25 205 160 151 120 104 97
30 191 149 140 114 100 95
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RUN# 20

Heater exit gas temperature* 563°F 
Coaling gas temperature* 73 °F 
Hot stream orifice meter data:

Up stream pressure* 2,80 psig 
Manometer reading* 7,50 in H2O 

Cold stream orifice meter data:
Up stream pressures 2,95 psig 
Manometer reading* 13,50 in H^O 

Steam percent compositions 12.6$
Ceramic sphere diameter* 1.0 in.

Time Thermocouple temperatures expressed in °F
Minutes Te#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 285 191 177 143 120 112
5 330 250 221 172 141 140

10 366 285 255 195 163 160
15 389 314 284 219 181 173
20 402 336 310 239 199 190
25 411 353 332 260 220 206
50 415 366 352 280 241 223

Cooling cycle
5 370 314 297 242 199 169

10 336 280 265 217 178 140
15 310 258 242 199 162 126
20 290 240 223 184 148 119
25 272 222 208 169 138 113
30 253 207 192 156 127 112
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RUN# 21
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 3.10 psig 
Manometer reading* 7.50 in H^O 

Cold stream orifice meter data*
Up stream pressure* 3.30 psig 
Manometer reading* 13.50 in ^ 0  

Steam percent composition* 3.5$
Ceramic sphere diameter* 1.0 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 271 216 159 166 139 121
5 336 269 242 200 161 156
10 367 292 272 218 173 163
15 384 310 297 228 187 174
20 396 328 316 242 202 186
25 404 343 332 259 217 200
30 455 359 353 274 230 210

Cooling cycle
5 364 306 290 242 199 161
10 338 276 264 220 184 146

15 314 258 244 201 168 134

20 292 242 226 184 154 126

25 274 225 210 170 141 119

30 250 207 194 156 130 112
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RUM# 22
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data:

Up stream pressure* 2,80 psig 
Manometer reading* 7.50 in H-0 

Cold stream orifice meter datai
Up stream pressure* 2.85 psig 
Manometer reading* 13.50 in H?0 

Steam percent composition* 0.0$
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 121 180 84 82 78 78
5 289 109 86 82 78 78
10 346 151 99 85 79 78
15 372 208 117 92 80 78
20 385 255 143 103 82 78
25 392 292 182 121 87 79
30 398 321 214 145 96 82

Cooling cycle
5 353 292 172 113 89 80
10 311 205 141 104 85 78
IS 261 169 122 95 82 78
20 218 142 107 90 80 78
25 182 121 96 85 79 78
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RUN# 23
Heater exit gas temperature* 649°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 3.15 psig 
Manometer reading* 7,50 in H-Q 

Cold stream orifice meter data*
Up stream pressure* 3,20 psig 
Manometer reading* 13,50 in H^O 

Steam percent composition* 0.0$
Ceramic sphere diameter* *375

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 152 107 92 82 79 78
5 346 130 96 86 80 79
10 404 184 116 94 62 80
15 431 248 141 106 86 82
20 447 302 175 122 90 84
25 456 346 213 145 96 88
30 466 377 256 174 106 94

Cooling cycle
,

5 416 300 205 141 96 90
10 368 246 172 122 90 86

15 315 201 146 110 66 82

20 276 167 126 100 82 81

25 222 141 110 93 81 80

30 182 123 99 87 81 79
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RUN# 24
Heater exit gas temperature* 735 °F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data*

Up stream pressures 3.80 psig 
Manometer readings 7,50 in H«G 

Cold stream orifice meter data*
Up stream pressures 3.95 psig 
Manometer readings 13.50 in H-O 

Steam percent compositions 0.0$
Ceramic sphere diameters .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 182 123 100 86 81 79
5 374 155 112 95 84 79

10 445 202 128 104 88 82
15 477 272 158 117 92 84
20 496 331 197 136 96 87
25 511 380 240 160 106 93
30 520 420 284 192 116 101

Cooling cycle
5 461 33 8 230 156 106 92
10 412 275 149 134 134 87

15 354 228 163 117 94 84
20 302 193 140 106 89 82

25 254 162 125 97 86 80

30 212 135 109 94 84 79
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RUN# 25
Heater exit gas temperatures 475°F 
Cooling gas temperatures 73©F 
Hot stream orifice meter data*

Up stream pressures 3.20 psig 
Wanometer readings 7,50 in H2O 

Cold stream orifice meter datai
Up stream pressures 3,30 psig 
Nanometer readings 13.50 in H-0 

Steam percent compositions 0.0%
Ceramic sphere diameters ,375 in.

Time Thermocouple temperatures expressed in °F
Winutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 182 125 103 92 82 82
5 325 156 114 96 86 82
10 354 199 132 104 89 84
15 366 244 157 118 93 85
20 370 280 185 136 99 89
25 372 310 216 156 106 93
30 374 332 244 178 117 96

Cooling cycle
5 354 270 206 151 108 95

10 323 238 178 132 98 89

15 286 207 154 118 93 86

20 250 179 135 107 90 84

25 217 155 121 101 86 83

30 188 131 112 96 84 82
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RUN# 26
Haater exit gas temperatures 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice mgter data*

Up stream pressures 3,20 psig 
Nanometer readings 4.0 in 

Cold stream orifice meter data*
Up stream pressures 3.30 paig 
Nanometer r e a d i n g s  13.50 in H«0 

Steam percent compositions 0.0%
Ceramic sphere diameters ,375 in.

Time Thermocouple temperatures expressed in °F
Rirrutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

Q 90 84 78 76 74 73
5 222 89 79 76 75 73
10 278 107 80 76 75 73
15 310 140 87 78 76 74
20 330 175 102 82 76 74
25 342 208 118 86 78 76
30 350 239 140 96 84 77

Cooling cycle
5 300 173 114 86 81 76

10 242 138 98 82 79 76

15 193 115 88 79 76 75

20 156 101 84 78 75 75

25 126 92 82 77 75 74

30 108 86 81 77 75 74
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RUN# 27
Heater exit gas temperatures 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter datai

Up stream pressure* 6.9 psig 
Manometer reading* 10.0 in H-0 

Cold stream orifice meter data*
Up stream pressure* 7.15 psig 
Manometer reading* 13.50 in H2O 

Steam percent composition* 0.0%
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 164 123 100 87 82 82
5 344 166 114 94 84 82

10 395 233 140 106 68 84
15 415 293 176 124 94 86
20 427 336 217 152 99 88
25 434 370 264 184 116 93
30 437 393 303 217 131 102

Cooling cycle
5 412 338 251 161 120 95
10 377 290 214 155 110 92

15 341 250 185 134 101 88
20 303 211 157 120 94 85

25 262 178 136 108 88 84

30 226 156 121 99 84 82
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'V

HUN# 28

sx̂
 StyXy

Heater exit gas temperatures 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data:

Up stream p r e s s u r e s  11*5 psig 
Wanometer r e a d i n g s  14*0 in H O  

Cold stream orifice meter data:
Up stream pressures 7.1 psig 
Wanometer readings 13.5 in H^O 

Steam percent compositions 0.0%
Ceramic sphere diameters .375 in.

Time Thermocouple temperatures expressed in °F
minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 380 221 178 128 99 92
5 415 284 201 154 111 98
10 444 341 242 184 128 108
15 456 384 290 220 149 121
20 461 418 330 258 173 143
25 466 440 372 298 204 174
30 468 452 401 340 234 208

Cooling cycle
5 456 424 369 305 208 160
10 441 393 335 268 183 138

15 422 359 298 234 158 121

20 395 323 263 204 138 112

25 367 290 232 178 121 104

30 336 260 206 156 112 99
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RUN# 29 (NOTE* Symmetry Run)
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 3.4 psig 
Manometer reading* 8.00 in H O  

Cold stream orifice meter data*
Up stream pressure* 3.4 psig 
Manometer reading* 8.00 in H2O 

Steam percent composition* 0.0%
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#5
Heating cycle

0 225 160 122 96 77 74
5 322 196 138 107 82 79
10 367 236 200 120 89 84
15 390 274 182 136 96 90
20 405 311 210 156 106 101
25 414 342 241 178 118 112
30 I 418 363 271 201 131 123

CfK*ilrrg cycle
5 395 315 242 178 120 100

10 368 262 216 151 111 92

15 341 253 192 145 102 88

20 313 226 173 131 95 84

25 282 202 154 118 88 82

30 253 178 138 106 82 79
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RUN# 30
Heater exit gas temperatures 563°F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data*

U p  s t r e a m  p r e s s u r e s  3,5 p s i g  
M a n o m e t e r  r e a d i n g s  7.50 in H 0 

Cold s t r e a m  o r i f i c e  m e t e r  d a t a *  2
U p  s t r e a m  p r e s s u r e s  3,9 p s i g  
M a n o m e t e r  r e a d i n g s  1 3 . 5 0  in H - 0  

Steam p e r c e n t  c o m p o s i t i o n s  6 . 1 %
Ceramic s p h e r e  d i a m e t e r s  .37 5  in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 258 190 152 115 84 84
5 355 230 172 137 89 89
10 392 272 198 155 106 104
15 406 316 227 175 120 111
20 418 351 258 198 134 120
25 426 375 292 226 156 136
30 430 392 324 258 178 154

Cooling cycle
5 409 346 285 225 148 112
10 386 312 254 198 129 98
15 358 279 225 172 110 90
20 376 248 198 149 96 87
25 292 218 172 126 89 84
30 260 186 145 109 84 81
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RUN# 31 (NOTE* Symmetric Steam Run)
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 3*40 psig 
Manometer reading* 8,00 in H2O 

Cold stream orifice meter data*
Up stream pressure* 3.40 psig 
Manometer reading* 8,00 in H2O 

Steam percent composition* 6*3%
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 312 234 183 135 92 86
5 388 283 210 163 112 104
10 418 321 239 190 126 115
15 432 359 274 216 146 130
20 440 386 305 244 166 147
25 444 408 334 272 190 166
30 447 420 359 302 216 188

Cooling cycle
5 424 392 333 274 196 140
10 413 366 311 250 184 121
15 402 341 287 227 195 107
20 380 316 263 206 132 98
25 359 290 238 180 117 92
30 336 267 214 160 103 87
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RUN# 32 (NQTEi Symmetric Steam Run)
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 4.60 psig 
Manometer reading* 8.00 in K^O 

Cold stream orifice meter data*
Up stream pressure* 4.60 psig 
Manometer reading* 8.00 in 1^0 

Steam percent composition* 10.9^
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Te#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 369 300 247 146 114 96
5 413 332 270 217 130 121

10 432 364 294 244 165 145
15 446 390 320 269 190 162
20 453 413 348 296 216 184
25 458 429 372 323 242 210
30 468 440 390 343 267 234

Cooling cycle
5 450 415_ 369 321 242 178
10 431 396 352 200 220 150
15 417 378 329 278 195 130
20 409 358 310 256 167 118

25 213 338 290 233 146 108

30 374 314 268 207 128 103
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RUN# 33 (NOTE* Symmatric Steam Run)
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data:

Up stream pressure* 5.10 psig 
Manometer reading* 8.00 in H?0 

Cold stream orifice meter data: 2
Up stream pressure* 5.10 psig 
Manometer reading* 8.00 in H-0 

Steam percent composition* 14,2%
Ceramic sphere diameter* ,375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 392 340 292 234 143 112
5 426 368 315 354 173 148
10 444 393 338 290 202 166
15 453 414 358 314 230 196
20 456 431 377 336 258 219
25 456 440 398 359 264 242
30 456 447 426 380 312 266

Cooling cycle
5 442 431 398 354 285 204

10 436 416 384 339 260 175

15 432 402 367 320 236 152

20 422 386 349 297 208 135

25 408 368 329 274 180 122

30 396 350 310 292 154 112
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RUN# 34
Heater exit gas temperatures 563°F 
Cooling gas temperatures 73 °F 
Hot stream orifice meter data*

Up stream pressures 2,80 psig 
Manometer readings 7.50 in H2O 

Cold stream orifice meter data*
Up stream pressures 2.95 psig 
manometer readings 13.50 in H2O 

Steam percent compositions 1.8$
Ceramic sphere diameters .375 in.

Time Thermocouple temperatures expressed in °F
fttmites Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 112 74 64 61 60 60
5 276 106 73 68 62 60

10 336 166 92 71 66 63
15 363 227 120 77 71 68
20 378 274 152 96 76 73
25 388 312 189 121 79 76
30 395 340 234 156 82 77

Cooling cycle
5 364 272 190 124 73 68

10 323 221 152 103 68 64
15 278 181 123 86 66 63
20 234 147 104 77 64 63
25 192 121 88 72 64 63
30 156 96 78 69 64 63
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RUN# 35
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data:

Up stream pressure* 3.15 psig 
Manometer reading* 7.50 in H_0 

Cold stream orifice meter data*
Up stream pressure* 3.30 psig 
Manometer reading* 13.50 in H O  

Steam percent composition* 6.1%
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 186 111 86 76 69 69
5 310 165 104 103 92 92
10 378 223 128 104 104 104
15 402 282 163 104 104 104

20 414 328 204 121 104 104

25 422 361 251 166 107 107

30 423 380 288 206 112 112

Cooling cycle
3 400 321_ 237 149 86 80

10 367 271 193 121 78 74

15 325 225 157 98 76 74

20 284 182 130 88 73 71

25 242 147 106 81 71 70

30 201 121 90 76 71 70
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RUN# 36
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 7.50 psig 
Wanometer reading* 7.50 in HjO 

Cold stream orifice meter data:
Up stream pressure* 7.70 psig 
manometer reading* 13.50 in H2O 

Steam percent composition* 11.3 %
Ceramic sphere diameter* .375 in.

Time Thermocouple temperatures expressed in °f
minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 204 137 121 92 79 76
5 341 183 130 126 124 117
10 390 250 188 126 126 126
15 406 307 184 126 126 126
20 422 349 230 134 126 126
25 431 379 276 184 126 126
30 435 397 315 231 126 126

Cooling cycle
5 416 346 264 170 99 93
10 384 300 218 137 86 78
15 350 252 174 111 85 78
20 311 208 140 96 84 78

25 266 170 116 88 82 78

30 223 138 102 85 82 78
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RUN# 37
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 5.75 psig 
Wanometer reading* 7,50 in H2O 

Cold stream orifice meter data*
Up stream pressure* 5.95 psig 
manometer reading* 7.50 in H2O 

Steam percent compositions: 1*7%
Ceramic sphere diameter* .50 in.

Time Thermocouple temperatures expressed in °F
minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 128 95 89 77 68 66
5 228 121 92 81 74 68
10 296 168 117 84 77 76
15 336 214 149 96 77 77
20 357 258 164 120 81 79
25 372 292 221 145 99 79

30 384 318 252 166 120 84

Cooling cycle
5 334 260 200 136 99 74

10 296 218 166 112 85 69

15 252 184 143 96 77 67

20 214 154 121 86 74 66
25 182 130 104 79 69 66
30 154 112 90 74 68 66
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M U #  38
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data*

Up stream pressure* 5.75 psig 
Manometer reading* 7.50 in H«0 

Cold stream orifice meter data*
Up stream pressure* 5.90 psig 
Manometer reading* 7.50 in H O  

Steam percent composition* 6,6%
Ceramic sphere diameter* *50 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 1 169 121 99 84 76 68
5 279 163 120 112 104 90
10 338 216 150 112 112 112
15 370 264 189 118 112 112
20 389 305 232 146 112 112
25 402 335 269 134 113 113

30 412 359 298 214 138 117

Cooling cycle
5 370 312 242 158 104 82

10 332 260 204 131 94 78

is 292 222 172 112 85 76

20 255 186 145 98 82 76

25 220 160 123 89 77 73

30 189
■

137
■

107 84 75 70
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RUN# 39
Heater exit gas temperatures 563 °F 
Cooling gas temperatures 73°F 
Hot stream orifice meter data:

Up stream pressures 6.20 psig 
Nanometer readings 7.50 in H-G 

Cold stream orifice meter data:
Up stream pressures 6.35 psig 
Nanometer readings 13.50 in H2O 

Steam percent compositions 10,9$
Ceramic sphere diameters ,50 in.

Time Thermocouple temperatures expressed in °F
Nimites Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 208 149 117 93 82 72
5 310 199 142 130 126 121

10 364 251 183 130 130 130
15 392 300 223 145 130 130
20 408 336 272 136 130 130

25 418 362 302 214 134 130

30 422 377 331 251 165 130

Cooling cycle
5 398 332 278 192 128 92
10 359 292 239 158 108 86
15 323 256 204 132 95 82
20 287 222 126 112 88 79
25 251 187 144 100 94 78
30 216 158 134 94 82 77
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<.

RUN# 40 %  %  <w
%  °*yHeater exit gas temperature* 563°F 

Cooling gas temperature* 73°F 
Hot stream orifice meter data:

Up stream pressure* 3.10 psig 
Manometer reading* 7.50 in H~0 

Cold stream orifice meter data:
Up stream pressure* 3.20 psig 
Manometer readings 13.50 in H_0 

Steam percent composition* 6.3$
Ceramdc sphere diameter* 1.0 in.

Time Thermocouple temperatures expressed in °F
Minutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 147 134 113 99 86 81
5 234 190 143 116 98 92
10 282 230 172 132 112 104
15 314 223 200 111 125 112
20 336 296 228 177 140 114
25 354 316 254 198 156 120
30 364 332 275 216 173 126

Cooling cycle
5 303 261 222 174 146 112

10 272 228 195 158 128 102

15 248 204 177 147 117 96

20 225 145 165 134 111 91

25 204 174 152 124 104 87

30 I 186 157 138 113 96 84
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RUN# 41
Heater exit gas temperature* 563°F 
Cooling gas temperature* 73°F 
Hot stream orifice meter data:

Up stream pressure* 4,50 psig 
Nanometer reading* 7.50 in H-0 

Cold stream orifice meter data:
Up stream pressure* 4.65 psig 
Nanometer reading* 13.50 in H«0 

Steam percent composition* 12.5%
Ceramic sphere diameter* 1.0 in.

Time Thermocouple temperatures expressed in °f
Ninutes Tc#l Tc#2 Tc#3 Tc#4 Tc#5 Tc#6
Heating cycle

0 234 200 178 147 116 98
5 311 268 218 178 194 131
10 349 305 250 196 167 132
15 372 333 274 216 186 145
20 389 353 295 236 204 158
25 400 369 316 256 223 174
30 411 386 295 279 242 190

Cooling cycle
5 373 336 297 253 210 158
10 341 305 269 230 189 145
15 316 281 250 214 172 133
20 295 260 230 198 157 123
25 272 242 212 181 146 114
30 251 221 192 165 132 104


