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ABSTRACT

Twe techniques for testing compact heat exchangers are refined.
They are the maximum-slope variation of the single-blow transient
technique, and the regular periocdic technique.

The miaximum-slope method is impicvad by using an electronic controi

to produce a very fast ﬁeater response, thereby generating a sharper

step change in airstream temperature. The design method for the elec-

tronic control is presented aiong with an experimental verification of

its function. A 40 to 60 percent rejuction in the heater systam time

constant was achieved. This produced an average increase in experimental
heat transfer results of 4 percent, for four glass-ceramic matrix sur-
faces tested.

The periodic technique is improved by establishing guidelines for

use over a rarge 0.2 < Ntu < 5C. Solutions are derived to include the

effects of wall longitudinal conduction, both finite and infinite. The

finite solution is incorporated into a data reduction program. Experi-

‘mental heat transfer resvlts obtained using the periodic technique are

BE> 1 0 e

‘presented for a new glass-ceramic matrix surface (Core 510) in the test
range 2.6 < N < 36.6. 'This range was limited by test rig capabilit.ies
with respect to air flow rate and healer power, not the test techniqua.

Pexiodic technique results are compared with maximum-slope method results
{3.6 < N, < 21.3). The agreement is excellent.

A critical ccmpariscn of the periodic and maximum-slope technique

3

. is provided. It is concinded that the pericdic tecunique has the major H
E

T advantages- of %
B 1. A very wide useful range, 0.2 < Ntu < 50, %
2, Easily generated experimental viaves., z

3. The accuracy of an integral technigue. |
= iIn contrast the maximum-slope method possesses the advantages of Eji
"E i. Being easy and fast to use. :;%
2. Hot requiring a digital computer for data reduction. =
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NOMENCLATURE

English lLetter Symbols

A Test core heat transfer area -

A,B,a,b Fouriex coefficients

Ac Test core minimum free~flow area

Afr Test core total frontal area

A‘w Cross-sectional area for wall longitudinal conduction
c £ Flow-stream capacity rate (wcp)

Ew Wall total therval capacity (M c )

c Zlectriocal capacitors

c Specific heat

<:p Specific heat at constant pressurs

<, 7 Specif:i.c heat r;af core solid material

a* Cell height/cell width

Dg Amplitude attanuvation of fluid temperature wave

b, Hydrauiic-diameter of internal passage _(Dh = 4rh = 4ACL/A)
n, Amplitude attenuation of wall températurs

-ECA® Electronic Circuit Analysis Program

£ Friction factor

G Masgs velocity (u/Ac)

h Average unit conductance for thermal-convection heat transfer
i Enthalpy ‘

3 HE‘a!: NPrz/3

kK Thermal conductivity

Nunber of Jata points taken in a test
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w.u
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KK

¢
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t

MS

Contcaction and expansion loss coefficients for flow at
exchanger entrance and exit.

Total heat exchanger flow lenzth

Mass

Maximwm slcpe

Cell count for matrix

Reynolds number (4rhG/;.1)

Stanton number (h/ch)

Nusgsett number (drhh/k)

Prandtl ntnnber {c p;.l/k)

Number of transfer units for an exchanger, (hA/C f)
Pressure

Porosity

Heat-trancier rate

Heat transfer the;:mal resistance or electrical resisicr
dydraulic radius

Silicon controlled .réctifier

Temnerature

Wa.l thickness to adiabatic surface

Mean temperature for svstem

Nondimensional temperature

Rate of change of internal energy stored
tnijunction transistor

Voltage
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Axial fiow coordinate
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Greek Letter Symbols

gt § 4

"

RERINY T SR

Nondimensional axial flow cooxdinate (x/L)

rpbr

Generalized space coordinate (x*Ntu)

[»4

AT

€162

€384

Ratio of total heat transfer area of exchanger to volume of

exchanger

A phage shift, defined in Bq. (V-20)
Thage shift of fluid temperatu. - wave
Small qaantity or change

remperature amplitude of fluid at inilet

Constants uséd in the periodic technique finite wall longitudi-
nal conduction goluticn

Consztants used in the periodic technique infinite wall
longitudinal conduction sclution

Viscosity

Density

Time

Time constant of 'heatez':s

'rimg consf;ax}t of ti.exwocouples

Period of osciliation

Nordimensional time (8/8C,)

Wall longitudinal conduction parameter (kwAw/m f}
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1. INTRODUCTION

There is currently an incrgasing emphasis on the development of the
regenerative gas turbine engine for vahicular applicationi. One of the
many advantages over its piston engine Competitor is the potential for
low exhaust G23 emissions (smog). Severai regenerator designs incorpo-
rate a periodic flow type heat exchanger with a matrix surface. To size
the matrix surface, designers need to know the basic flow friction and
hest transfer characteristics of the surface. Hest transfe charactezr-
istics can be cbtained experimentaliy from an ahalyeis of the transient
response of a test core.

~here are several variations of the transient technique which in
application zequire an axperfimontal apparatus and an appropriate mathe-
matical model. The tern mathematical model as used in this report
consists of the specified idealized system ircliuding the boundary condi-
tions and additionally the differential egquations, and the solution.
Heoat transfer characteristics are determined by matching the experi-
mentally established tesperature variation of the fiuid leaving the
matrix with a si»filar theoretical result fro= the =athe=atical -odel.

The mathematical models used comadonly are for the step functicn input
proposed by Locke [1]' and others, and the periodic function input origi-
nally considered by Bell and Xatz {2]. These =odels vequire that the
imput t:qetatnre waveforn used in &velopint} the theoratical results,

be produced by the experimenter. his is especially difficult in the
case of the step functiua. .

Thére ars tuo ways of correcting for errors in heat transfer results
asgociated with non-step i ~uts, analytical and experizental. analytical
correction invoives changing the test experimental resuits h} an asount
corresponding tc the ée‘wiaticz: from the true sten function, Xohimayr

-

3] has Gcne this by extending Iocke's maxime-slope sethed to arbitrary

}'ax:acketedn@ézsmfertorefe:emes listed on page x.
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upstyezn fluid temperature changes. However his findings presehte& i
{3] have not been cxperimentally validated. Experimental correction
involves ceveloping a test rig which will more closely approach the
step function input. This approach is desirable since a somewhat
speculative theoretical "correction" does not need to be applied to the
test results. 4

o
=4

The periodic technique was considered in detail by stang and Bush
[4] for low values of New {i.e. 0.4 < R,< 4.,8). The technique was
found tc be practical and further development to extend it to higher
values of Ntn was recocmended. ‘

The objectives of this study are to:

1. Design and builé a heater control which when connected to the
Stanford transient test rig will produce a step in texmpe ature
which =ore closely approaches a true step function.

2. Experimentally validate the operation of the new heater systenm.
3. Exanine possible changes in heat transfer resunlts caused by
using the heater coatrol.

4. Turther Gevelop the periodic technigue so that it will be
usable in the test range 0.2 < K_ <'50.

5: Develcp a athgaticalsodel for the pericdic technicue -which
will accournt for the influence of wall longitudinal conduction.
6. Develop a practical data reduction procedure for the periodic
7. céagaz"e heat transfer results obtained using the periodic
technigte and the saxiz=-sicpe Sethod.
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2. GENERAL OPERATION OF THE TEST RIG
2.1 Introduction
The transient test technigque uses one fluid stream flowing through
a test matrix, The general schematic dlagram of.a transient test rig
such as that used at Stanford is given in Fig. 2.1. Details of this
Gesign are provided by %he2ler [5]. appendix I provides detailed
specifications for the rig components,
Electric.
Poser
=3t Inlet % Seaters I N rr —‘i Plow oo
§ i B E : -t ‘Flow
& ‘Blower
i Figure 2.1 Transient Test Rig Schematic
c Functions of the various elemerts are: -
: 1. 1Inlat - Ssooth out variations in fluid velocity and tesgeroture
and provide a smooth transition to flow in a Fuct.
‘_ 2. Heaters - Provide am input t&perature response for the air-
A; 3, Heater Coatrol - Regulate electric power to heaters.
;Th 4. Test Section - Contains the test =atrix. t
: , ' f
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5. Flow Neter - Measure accurately the alr flow rate through the
test section.

MHRRANIM SR

6. Blower ~ Induces air flow through the system.

7. - Pressure and temperature sensors.

3. Pitot Tube - Two-dimensional velocity traverse downstream of the
test core.

The dssigns, of the inlet, heaters, test section, blower, ard pressure
and tamperature sensors are described in [5]. 7
When the heater is energized it f\mtibns so as to produce either

a step-change or a cyclically vaiying temperature in the steadily flow-

ing airstream. The éiﬁgle-blow transient technique employs the step-

change. fThe periodic ‘technique uses the cyclically varying temperature.
An approximate step-change in temperature may be cbtained by simply

connecting cr disconnecting an eleckric power source. This tends o

pruduce an exponential type of temperature change, pointed out in [Z]

and shown in Section 3, 7

 Cyclic temperature variation may be obtained by using a DC genera-

7 tor and varying the ;:{.éld strength.. Another possibility would be to use -
a variablé trensformer, driven mechanically. These could ke rather )
unwieldy and another arrangement using electronic circuitry was employed.
“The electronic heater i:cnt;oi circuit is described in the following

~ section, : ) )
2.2 Heater Control Circuit

The circuit In- ?iés. 2,2 and 2.3.was designed to provide an approxi-
mate stepxchange in temperature which has a short rise-%ime (< 0.05 sec).
The electronic circuitry of Fig. 2.3 accomplishes this by speciul regu-
lation of the electrical power supplied to the heaters., Th2 hasis for
i%e design and its test results are discussed at length in Sections 3
through 6 and Appendices II, IXI, and IV. The circuit has the addi-
tional capability of generating a cyclic temperature variation when an
appropriate c_ -lically-varying résistor is used (Periodic Input. Fig.
2.3).
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A list of the components used in the heater control circuit is
given in Table 2,1, Capacitors c2 and C3 are banks of fixed capacitors
connected using manually set rotary switches, Schematics of the switch-
ing diagrams and capacitor banks are included in Appendix I.

The descriptions of the pesitions of switches 2 through 5 in Fig.
2.3 are:

- step-down in airstream temperature
- step-up in airstream temperature

cyclic variation of airstream temperature

%2 v o o
!

- normal airstream temperature response obtained by simply turn-

ing Che electric power on-off.

Nomenclature for the silicon controlled rectifier (SCR) leads is:
K cathode, & anode, and G gate.

2.3 Operation of the Heater Control

Wave shapes, showing the operation oi key elements in the heater
control circuit, are sketched in Fig. 2.4. They ray be used as an aid
in undexstanding the operation of the cirxcuit, or as a guide in trouble-
shooting or checking-out a newly constructed circuit.

The basic elsct:ic supply is 117 volts AC, €0 Hz, This sets a
limit on the amount ¢ © electric power available to the heaters, which
have an electricai resistunce of 5 ohms. 7he basic AC supply is fuil-
wave rectified by CRl’ CR2, CR,, and CR.4 and applied to the firing
circuit, Fig. 2.3. Thz2 voltage applied to the firing circuit is then
"clanped” or held almost constant by zener diode, CRS' The effect of
this clamping is to supply the firing circuit with a good approxzimation
of a DC voltage source.

The IC voltage is applied to the geries resistance-capacitance

network formed by R2 and Cl' The voltage across Cl will be a simple
exponential function of time, dependent on the magnitiide of the

manually variable R Thi. voitage foxmed across C, is applied to the

2‘
emitter of unijunction transistor Ql (lead 1}.
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Table 2.1
COMPONENTS USED IN THE ELECTRONIC HEATER CONTROL

Component Description
SCRI, SCR2 GE C35B, Silicon Controlled Rectifier
CRy 4 CRg, Ca7 GE  1IN1694, Rectifier Diode
CR5 GE  24X122, Zenar Diode, 22 volts
Q1 GE  2N2646, Unijunction Transistor
T1 UIC HS51, Pulse Transformer
Rl 380 , 1 watt
Rz 100 X, Linear Taper Pot
R3 3300 ), 5 watt
R, 470 q, 2 watt
R, 2000 Q, Linear Taper Pot
RG 32X Q), 2 watt
c, 0.22 yr
C2, 1 6 uF
C2,2 - C2' 12 0.5 pyF
C3' 1 150 uyr
C3' 2 100 pF
Cs,3 80 uF
C3 4 60 uF
3,5 ©3,6' C3,11 40 ur
C3‘ ¥ a5 ur
C3l g 20 p@
3,9 3,10 10 uF
Swl EPST Toggle Switch
°w2 - SWS Rotary Switch, 4-position
chz, SWC3 Rotary Switch, modified to function

as described in Appendix I.
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ELECTRIC POWER /\ /\ /\
SUPPLY, 60Hz \/ \/ \/

VOLTAGE
ACROSS R

VOLTAGE
ACROSS CRg [

Verons o AN
ACROSS G, VAVAVAaAVvAave

GATE CURRENT
(G SCR TERMINAL) A l ;k J A k

VOLTAGE ACROSS f\ {\ !\

HEATERS - V .. V | V

Figure 2.4 Wave Shapes of the Heater Control Circuit.
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The unijunction tzansistor (UJT) has a unique electrical charac-
teristic which is very useful in this application. It has a stable
firing voltage, called VP' which is a fixed fraction of the interbase

voltage Vep (lead 4 to 2). This characteristic is shown in Fig. 2.5:

s

» ‘4
,——w'riaing Voltage tp

Emitter Voltage Vp

Negative Resistance
Characteristic

Positive Resistance
Characteristic

Emitter Current IE

Figure 2.5 Unijunction Transistor Emitter
Characteristic curve

As the emitter voltage vg (lezd 1 to 2) increases from zero, the emitter
current I, becores less negative and then slightly positive. The emitter

in this region bechaves much like a high passive positive resistor. When
This is characterized

vE reaches the firing voltage v&, the UJT fires,
Piring allows the

by tue » jative resistance region in Fig. 2.5.
capacitor Cl to rapidly discharge through one winding of the pulse
A pulse voltage is then induced across the gates of the

transformerxr Tl'
The resulting

SCR’s. Fig. 2.4 illustrates the gate current wave shape.

gate current triggers the forward biased silicon controlled rectifier

(SCRl or scnz) into conduction.
Tha silicon controlled rectifier (SCR) is a unidirectional semi-

sonductor switch, a p-n-p-n device. In its blocking state, current does

g reslibreed ¢
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not flow in either direction. However, if a small cuczrent pulse (tygi-
cally 3 volts for 10 to 50 microseconds) is appiied from the gate G to
the cathode X while the device is forward biased, turn-on will occur and
the device will become conducting. Conduction will continue until the
current drops below about 100 mA or reverses, 1In the reverse biased
direction, the SCR acts like a simple dicde and blocks current flow.
Because of the very fast turn-on time (can be considered instantaneous),
it is possible to trigger an SCR into cconducting during an intermediate
point or the AC wave. The SCR may e repeatedly triggered, cycle-after-
cycle, at a regulated fraction of each AC cycle. The result is a control
on electric power, callied AC Phase fontrol. The circuit shown in Figs.
2.2 and 2.3 is a full-wave phase control circuit regquiring the use of 2
SCR's. Ref. [6] coatains a broad discussion of theory, ratings, and
applications of the SCR, including some basic AC phase control circuits.

The unijunction transistor firing voitage V o is a function of the
interbase voltage vBB' The specification sheet [7] for UJT 2N2646 lists
this function as typically

VP = 0.65 VBB + 0.5 {2.1)

The interbase characteristic is very much like 2 simple resistance if
I = 0. The fixing vé:ltage function and the interbase characteristic
will be used in the aunalysis of later sections. By regulating VBB' cr

the time required for the voltage across C, to reach V., the firing time

or phase in each AC wave can be coni:roued} The resulting AC phase con-

trol unit will be used as the heater control. The steady-state cutput

level of the heater control utilizes the time required for voltage across

Cl to reach VP‘ to determine its magnitude and is controlled mainly‘ by

Rz. An initial power surge (or lack of it in the step-down coundition),

required to very quickly bring the heaters to steady-statz, uses the

variable reguiaticn of vaB. This later type of electriczl heater power

regulation will be teyxmed the AIDED condition in the sections which fol- :
lew. In suwmary, the heater control sharpens the step~change by applying
an electric power surge (in the aided step-up case) or by delaying the

lovwer level steady-state power (in the aided step~down case}.

.
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3. HEATER ANALYSIS

3.1 Description

The low thermal capacitance airstream heaters are described fully
in [5]. A brief Jdescription follows., The heater system consists of
four banks of resistance wires electrically in parallel suspended across
the airstream, about 1.3 inches apart in series flow. The wire is 0.003
inch diameter alumel. Each bank has 182 inches of wire in 56 passes,
each 3,25 inches long. The wire passes are electrically in series.

Thermal expansion of the wire (about 0.01 inches per 3.25 inch
pass) occurs during operation. To take up the slack each pass of wire
is looped over an extended cantilever spring support. Spring deflection
maintaing wire tension in hoth the heated and unheated scates.

Heater wire temperature and heat flow to the surrounding airstream

may be analyzed using the themmal circuit in Fig. 3.1.

Th
—&
<
e
Uyr 2 R, =c, H o @
= = = To = Tpatun!

Figure 3.1 Thermal Circuit for Heater Wires

1 with respect to the '.'.'H variation, the air temperature T, can be treated

as constant and used as a datum (see idealization (4) to follow).
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Idealizations used in the heater analysis are:

i. Wire temperature is uniform and responds as a sirgle luwsmp.
2. Thermal resistance P% is a function if air flow xate oniy.

3. Thermal capacitance (:a is a constant.

4., The airstream temperature change in iteating (= 20°P) is =mall
compared to 'I'H (/= 3C0°F above the air temperature).

The thermal resistance for convective heat transfer from the heater is
defined:

- ) 1 {3.1)
Ry Y

WK L EPTI ¢ k4

The therrmal -1pacitance of the bzaters is calculated using

= (!{c}a 3,2}

Bireg PR b A

Cy

Actual values for R, and CH are shown in Fig. 3.2 and are calculated in
Appendix IX.

Thermzl energy rate generated by the electrical resistance of the
heaters, qo(e), is plotted in Fig. 3.3. Tne figure shows this energy
rate as a function of the voltage impressed by the heater control. In
turn the voltage can be regulated to be a function of tine.

The heater in Fig. 3.1 has a temperature respoase, T,, expressed in

B
equation form as
T -T d{zT -T_)
2 ] 3B T
= - 3.
Ry + Gy a0 q (@) {3.3)

The energy rate (thermal current) flowing through the convective resistance
i& is delivered to the ajirstream. Air temperature rise across the heater,
can then be calculated using the following energy balance on the air-
stream:

we [T.(0,8) - T, ] = 3.9
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3.2z Response of the Heaters to a Sixple (o-0Ff Voitsge Supcly

If 2 ceastant electric voltage, comnected to the heater wires, is
si=ply switched on and off, the thermal encrgy gensrated, -5 {8), will
be a step furction. fThe solution to Eg. (3.3), cosdined with Eg. {3.4),
is

’IS(Q. g} - ?fiﬁ,a)
‘L‘f(O. o) - '?.fﬂ}cs)

= 91;*{-3/98} {3.5)
where ¢ '";35“‘. Zhus while the %(8) is a step function, the aiv

r nse is a= exponential, The guantity 8, i3 called the tize
constant of t%:eheatex:saa&isplotteﬂin?i;. 3.2 for the luzped case.
As :’sg-pi}, 2 step-change in texperature is approached,

Fig. 3.2 precente ancther time-constant curve for the case where
the four banks of heater wires are nst comsidered to resposd as a icsg.
The heaters are considered as four distinct banks, secventially places
ir the airvstresw=, Each bark coztributes about 25 percent ¢ the total
tenperatoee rise of th: zir. The znalysis in this case >ecczes —ore
cceplicated. The airstrean temperature I is a tizme-varving functicn
for the three Sownstreaz banks. The £irst bank of heater wire ic still
sutjected to oxly a constast inComing airstrea= tesperature. The air-
mwmalcmﬁfmwhemlgmm
Eg. {3.5) was fitted to the caiculated resporse, vazykfgsgcntilag-aoa
£i* vas obtainzd. The values cbtained for the effective £ (tize
constants) are plctted in Fig. 3.2 and are séen to be within 6 percent
of the Juzped case. For this reasorn it is beiieved that the simpl~
lc=ped treatment is adeguate for design purposes.

"3.3 gesponse of the Heaters tc a Gemeral fime-Varying Voltage Supply

To achisve an extremsly shoxt rise time in the heater tescerature,
the use of a time varying voltage suyply is reguired, Regulation of the
stoply voltage in tvime is éiscussesd in Sections 4 and 5 and Appendices
IIT and IV. The thermal energy generated in the hzater wires will aiso
be a time-varying functicn, The soluticn to Eg. {3.3) is not a sis=xzls
expenential functica and requives the vse of 2 sumerical =ethod,
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The nu=arical =ethed used was the IBM Blectreofiic Circuit Aralysis
Progra= {ECAF). This pregram was wzittan to be used by electrical
enginsers in the design and analysis of circuits. betailed information
on the usa of ECAP =ay be fcund in the User's Manmual [8].

Gee of ECAP requires cnly a description of the circuit, a list of
the elezents in each branch cf the network, a description of circuit
sxcitation cr tize-varying elements, and a list of the output required,

The ti=e-varying voltage supply to the heaters can be converted
into a tix=e-dependent current scurce for use in Eq. (3.3) by using Fig.
3.2, 1his coxxent souvyce =ust be entered into the ECAP program in the
for= of actuzxl values of the source at specified time sgteps. The output
of the ICAP program was tfe heater wire tesperature TB(S). This, in
turn, provided the xight hand side of Eq. {3.4) which was then used to
estakblish 'rf(o, 8), tne ajrstream tesperature downstreasm from the
heater, as a functizn 6F tize.
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4. STEP-UF DESIGN

Step-up in temperature occurs when voltage is applied to the heaters
and the airstream temperature rises. An .ncrease of about 20°F is used
for the heater control design and in the experiments. If the heater
voltage appiied is a constant, and is sinply switched-on, the response
cf the airstream will be exponential and is given by Eq. (3.5). Devia-
tion frcm a true step-change is governed by the magnitude of the heater-
wire time constant 8. As @, = 0, a step-change in air temperature
is approached. The valug of eH has been partially minimized by the use
of suall Jdiameter wire in the heater [5]. Additional decreases in the
value of the heater system effective response time is provided by the
electronic control.

If instead of applying a constant level voltage, corresponding to
2 steady-state heating energy magnitude, a larger voltage is applied.
The airstream, of course, will respond faster by tending toward a higher
temperature, The procesa of applying more voltage, tharn is required for
&r, 20 20°F, is termed OVERSHOOTING. Fig. 4.1 shous the overshooting
effect én ajrstream temperature. ‘The part of the step-up response curve
of interest, is the initial response characteristic. A small amount of
overéhcoting, say 2¥~-Overshoot, will reduce by about 60 percent the ticse
required for the airstream to reach 63 percent of the steady~-state value
of AT =~ 20°F.

An ideal heater control would initially aprly a voitage that would
produce 2X-Ovarshoot or more. When steady-state is reached, this applied
voltage would vevert to a steady-state level., The resulting temperature
wave would more closely resemble a true step-changs in airstream tempera-
ture, with a 90 percent fesponse achieved in only 25 percent of the time
required by the nommal response of Fig. 4.1,

The heater contrel circuit, presented in Figs. 2.2 and 2,3, is
designed to produce an overshoot very much like that described above.

For the step~up case, swzr SW3, SW4, anda sas are set :c position U. This

has the effect of creatingy initially a very small interbase voltage vgs,

16
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allowing the wnijunction transistor Q1 to fire very early in each AC
wava. The ast effect is a voitage surge to the heaters. As capacitor
c2 charges, the interbase voltage increases causing the voltage applied
to the heaters to taper off to steady-state level, The steady-state
level i= regulated by the set value of Rz.
An analysis has been done to determine the values for c2 and R2
that will produce the desired voltage surge. The circuit-analysis
technique used and an example with w = 59C lbm/hr are described in
Appendix ITI. The result of the analysis at each flow rate is a tempera-
ture response curve for the heater wires. This curve is very nearly
exponential and can be fitted using Eq. (3.5), varying eH' The calcu-
lated time constants of the hea‘er wires are plotted versus air flow
rate in Fig. 4.2. At the low flow rates in Fig. 4.2, the time constants
are less than at the higher air fiow rates., This is the rxesult of more
overshooting ability (lower steady-state level) at the lower rates. A
comparison of Fig. 4.2 and the time constant curve of Fig. 3.2 indicates

the gains realized by the use of the heater control.
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5. STEP-DOWN DESIGN

Step-down in temperature occurs when the voltage applied tc the
heaters is removed. The airstream temperature drops and the response
is given by Eq. (3.5). Deviation from a true step-change is governed
by the magnitude of the heater-wire time constant ea' As eH—- 0,

a step-change in fluid temperature is approached. The magnitude of eﬂ
has been partially minimized by usinc gmall diameter wire in the heaters
[s]. Further decreases require the electronic heater control,

Examining the step-down response curve in Fig. 5.1, the following
is noted. The response of the airstream initially is rather quick (steep
slope) until about 75 percent of the deflection has occurred. If the
response were arrested at about this 75 percent point, as indicated in
Fig. 5.1, a regponse curve more clozely resembling a step-change would
result. This could be accomplished by removing the voltage to the
heaters, and shortly thereafter applying a lower level voltage (enough
to produce about 25 percent of stexly-state heating).

The heater control circuit, presented in Fig. 2.2 and 2.3, is
designed to remove the steady-state voitage and a short time later
reapply a lower voltage to the heaters. For the step-down case SW
SWa, sw4, and sws are placed in the D position. This has two main
effects. The resistor in the resistance-capacitance network which
supplies the unijunction transistor emitter voitage is increased to a
maximum level. The result here is that initially the UJT fires very
late in the AC cycle producing almost no power in the heaters. The
intexbase voltage then decreases, allowing the UJT to fire progressively

2'

earlier in the AC wave until a level of 25 percent of steady~state is
reached. Appendix IV inciudes the circuit-analysis technigue used to
calculate the response of the heater wires, hence the airstream, for the
step-down case. As was also found in the step-up case the response is

nearly exponential. The effective time constants to fit Eq. (3.5) are
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Figure 5.1 The Step-Down Response of the Airstream.
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6. HEATER CONTROL PERFORMANCE

6.1 Introduction

Operation of the heater control circuitry was investigated experi-
.entally, as the respoanse predicted by the desion in Sections 4 and 5,
needed to be validated.

With no core in the test section, the airstream was stepped up and
down (both aided =:.d unaided). Temperature response of the airstream
was monitored using thermocouples and a fast strip-chart recorder. With
a core in the test section, changes in the heat transfer results due to
the decreased heater time constants were also investigated. Core heat
transfer testing was performed using both the aided and the unaided
step-changes in fluid temperature, and the differences in results were
evaluated.

6,2 Heater-Response Tests

6.2.1 Unaided - The first set of experiments performed to detemine the
heater response had no core in the airstream. Since the thermocouples
themselves have a bead diameter which is larger than the heater-wire
diameter, they will contribute a significant lag to actual airstream
temperature measurement. Thi-s lag effect must be considered because
transient airstream temperature is being measured. A thermal circuit
for the behavior of the themmocouples is shown in Fig., 6.1:

7 ¢ DA
TC Pre
1
T Coc )00
— Datum = T,(0, 0) —

Figure 6.1 Thermal Circuit for a Thermocouple
Suspended in the Airstream
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Airstream temperature variation in time can be expressed as an
exporienti *1 functicn. Usine the temperature expression from Egq. (3.5)
as the Tf potential source in the thermal circuit of Fig. 6.1, the fol-

Iowing solution for the themocouplé tenmperature T'm {8) is produced
1
(8H # BTC) :

o =)

{6.1)

The three temperatures required in the above ecuation can all be obtained
experimentally from a plot of thermocoup’e output.

Empirical data from McAdams (9] was used to predict the heater wire

time constant 93 for the unaided case. These results are plotted as a
functicn of air f£low rate only, in Fig. 3.2. The thermocouple output
was recorded (step-up and step-down) for a series of air flow rates.
BEqg. (6.1) was then used to cbtain e (_ RTCC’I'C) also as a function of
air flow rate. The results are plotted in Fig. 6.2. Exponerfial curve
fits for the thermocouple temperature '1' {8} experimental record, are
also presented in Fig. 6.2,

The time constant for a 0.005 inch diameter 50 percent copper/50
percent constantan sphere was calculated and is shown in Fig. 6.2 for
comparison purposes. The relation used to calculate the convective heat
transfer ccefficient for the thermal resistance of the sphere was taken
from McAdame [9] and is

hD GD_ 0.5
-]—‘-s = 0,37 (—- (6.2)
£ He
1 1n the special case where 6. = 8., A g, the solution is :
T_(8) - T.(0,®) )
TTC(o 0)-;(0 ey - -~ (l+'§') &P(éi)
£ £ h c’ c
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Figure 6.2 Themmocouple Time Constants Extracted from the Responses

to Unaided Step-Changes in Airstream Temperature.




whera Ds is sphere diameter, The air film properties were taker from
Bureau of Standards Sources [10] and are evaluated at S0°F.

The heater-thermocouple response was investigated by wheeler [5]
shortly after the construction of the basic test rig. Results reported
are about 30 percent lower than the results zhown in Fig. 6.2, The
difference is likely caused by the methods of data analysis used. Since
the thermocouple output record is not a siwple exponential function, see
Eq. (6.1), the results of a curve fit will depend on which part of the
experimental trace was used in data analysis. Results shown in Fig.

6.2 are averages of several points read over the middle 50 percent of
the experimental trace. The calculation in [S] for the expected heater
wire time constant (unaided) is about 20 percent lower than the results
shown in Figs. 3.2 and 6.2. Here the difference is due to different
selections of both.gas and solid thermal properties.

To determine what effect the thermocouple time constants, justc
determined, would have on maximum-slcpe heat transfer results, the ther-
mal circuit of the thermocouple in Fig. 6.1 is considered with the T

£
potential source input

= T_(3 - 8

where 0 =g = DTAU
This "ramp" or linear input is used because it resembles the airstream
behavior downstream of a test core, especially at the time when the

maximun-slope occurs. For the thermal ¢ircuit in Fig, 6.1

Tg(1,6) - T, (8)

d
Cre 3 [T, (1,0 - 'I‘,m(B)] +

Solving this equation, taking the derivative 6T.,C(6)/de, and
comparing with d'rf(l, 0} /38 yields
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e

A ™m 1 - 1 -8
d7,(8)/4d8 _ DTAU ~ DTAU ‘”‘P(em) .
d T.(1,0//29 1 (6.5
DIAU

=
TC

The above ratio can be interpreted as the éxpe’n‘.mentally established

slope of the air downstream of the test core (including thermocouple lag)
divided by the actual slope of the downstream air (without thermocouple
lag). The maximumeslope occurs in the interval 0.3 IMAU < § < 0.5 DTAU,
[14]. Additionally from measurements presented in Fig, 6.2,

e'm < 0.2 sec., For core 510, DTAU > 5.0 sec., so the exponent in Eq.
(6.5) is about -10. Consequently it is concluded that thermocouple lag
has & negligible influence (much less than 0.1 percent) ou maximum-slope
heat transfer results. However, lag in the heater wires does have a
small but significant effect on the heat transfer results as will be
shown in sections following.

6.2.2 Aided - After the thermocouple time constants had been established,
the heater system operating in the aided mode was anzlyzed. Based on

the results of the design analysis in Sections 4 and 5 and Appendices

III and IV, the heaters can in the aided case also be considered to
respond as a simple exponential function. This allows use of Eq. (6.1)
to determine the reduced heater system time constant.

Thermocouple time constant el'c is a function of air flow rate only,
and does nct dapend on the heater control. The values plotted in Fig.
6.2 for the unaided case may be used to extract th2 heater time constant
in the aided case. Eq. (6.1} is again employed. This time the thermo-
couple trace for aided step-changes in airstreasm temperature, and QIC
from Fig. 6.2, are uced to calculate QH. Resuliting heater time constants
for the aidzd case are plotted in Fig. 6.3 as a function of air flow
rate. The design prediction, obtained by averaging the results of Figs.
4.2 and 5.2, is alsc included in ¥Fig. 6.3 for comparisorn,
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in Table 6.1. From the table's listing, the average change in heat
transfer results for the four cores, when using the aided step-change,
is 3.8 percent.

Kohlmayr [3,11] has extended the maximum-slope method to include
arbitrary upstream fluid temperature changes., 1In paxticular he reports
tabulations of maximum slope MS with 3 = Ntu 535 and 0.02 =1 = 0.50,
for the case of an exponential upstream temperature function. Changes
in maximum slope (AMS), predicted by [11], are plotted in Fig. 6.8 for
55N, S35 and 0.02 = I =0.10. The parameter I is defined in Table
6.1 and is termed a deviation from the true step-change. For the
values of I and N, in Table 6.1, [11] predicts that the change in
maximum slope AMS will be less than 0,002, a change under 0.4 percent.
Using the sensitivity curves in [12], the heat transfer results will
then be changed by less than one percent. However the experimental
results in Table 6.1 indicate an average rhange of 3.8 percent by using
the aided heaters (which do not produce a true step-change, only a
faster response). The reasons for the disagreement between Kohlmayr's
analytical predictions, Fig. 6.8, and the experimental resuits reported

here, are not at all clear. Further work on this questioa is needed.
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Core N —_—u
lbm/hr aided unaided aided unaided Ngyrajded
5055 100 107 1.138 1.104 0.034 15.71 14.73 6.3
200 214 0.847 0.834 0.013 8.04 7.77 3.4
300 320 0.713 0.708 0.005 5.43 5.35 1.5
400 426 0.631 0,630 0.001 4.12 4.10 0.2
5058 1C3 107 0.919 0.896 0.023 9.86 9.33 5.4
200 215 0.686 0.678 ¢.,008 4,89 4,74 3.1
300 322 0.578 0.576 0.002 3,24 3,19 1.5
505C 10C 103 0,699 0.688 0,011 5,15 4,96 3.7
510 100 138 1.160 1.141 0.019 16.34 15.65 4,2
200 275 0.865 0.850 0.01% 8.53 8.16 4.3
300 413 0.728 0.71§ 0.013 5.83 5.58 4.3
400 55C 0.645 0.632 0.013 4.4> 4.25 4.5
8,, (wc )
18 _}_1_'_;3_f , 9.. is for the unaided case
Cw H
A -
B = M5,53ea - ®unaided
an, 8 x

tu

Table 6.1

HEAT TRANSFER DATA CURVE FITS, FOR RIDED AND
UNAIDED STEF-CHANGE CCMPARISON

W N

£ S MS AMS Ntu tu

tu, aided = Ntu, unaided
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7. FERIODIC TECHNIQUE

7.1 Generqi

The regular periodic technique for determining the surface average
heat transfer coefficient involves imposing a cyclic variation in tempera-
ture on the single fluid flowing into the test core and measuring the
temperature response of the fluid flowing out of the core after steady-
state neriodic behavior is established. The measured response will have
an ampiitude attenvation and a phase shift. As discussed in [4] and in
more detail in Section 7.3, both the amplitude attenuation and the phase
shift of the fluid temperature response may be used to obtain accurate
heat transfer results; but for different Ntu ranges; thus the two methods
are complementary.

The periodic technique has been improved by the follcwing refine-

ments included in this section:

1. A solution which includes the effects nf finite wall lcngi-
tudinal corduction has been found and is demonstrated to be
aszible in data reduction.

2. A substantially more simple solution for the case of infinite
wall longitudinal conduction is also prescnted.

3. Guidelines are established for using the periodic technique for
0.2 <8 <3G,
tu

4. The uncvertainties in heat transfer resuits associated with core

physical properties are discussed.

5. Actual test results for a new test core (510) ure presented

for 2.6 < Ntu'< 36,6 and are compared with the aided single—

blcw results.
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7.2 Solution of the Govexning Bquations, Includirg the
Effects of Wall Longitudinal Conducticn

7.2.1 Firite Wall Longitudinal Conduction - The governing differential

equations for the case of finite wall longitudinal conduction are derived
in Appendix Vv and are

* 2
T - —-aTw AN il (7.1)
- T = - .
3 w ae* tu azi
* * an _
Tf -T == ‘?Z- (102“

ot A Te " T o T = Tn
£ = Aﬁ‘o ’ w = aro
kA
e'A..E_.. Ré-‘_‘i
TRy, ' T I
A hR A x
Neu = e ¢ 2= B

The wall longitudinal conduction parameter X, and Ntu,in combination
as Metu determine the magnitude of the last temm in Bg. (7.1). The

boundary conditicn on the above egquation is

*

* % 9 e
— T — -4 >
Tf(o,e } = sin 2n 3 = sin -l {7.3)

The solutions to Bgs. {7.1) and (7.2} are

Fluid Solution

Ty = expi-2,2) {sin (3— - &,2); (7.4}
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wall Solution
* et e*
'rw = exp(-slz) {(l—el) sin(-t?— - 522) - €, CDS(T - ezz)} {7.5)

are functions of ¢ and )‘Ntu cniy and must

The terms 8y and s
satisfy the following set of equations

€
2 3 2 2
=T " mtu(-el + 6] + 36,85 - ) (7.6)
l-¢
€, = 3
These constante ¢, and ¢ 2 have been calculated anéd are tabulated in
For data reduction the Fortran subroutine CONDCT

) (7.7

3 2
- 7‘Ntu(“z = 3ege, + 264e,

Tables V-1 and V-2.

in Table VII-3 was used to generate the tables and may be used to
calculate € and €, for intermediate values of § and ;‘Ntu'

To determine the surface average heat transfer coefficient, Eq.

{7.4) is used and the temperature response is measured downstream of
From Eg. (7.4) the amplitude attenuation

the test core where 2Z = ntu’
is
A - ‘0
Df L exp( elxtu) {7.8)
the phase shift is
ve & e, ¥, (7.9
In the special case of )% =0
1 ¥
e, = and £, = —v—eoe—m
LA PP 2 ..

The a=plitude attenuatior D, 2and the praxe shift y_ are shown
graghically in Appeniix Vv, Pigs. V2 through V-9, 3s furctions of
LS 19,

‘st.%. and ). The phase shift is plotted for 0 =X
and 3} The acplitude attammation is
and } = =& The

6 s =G.e2

1=y 23,
plottzdi for O S R s
=03

- gy




ranges chosen for Ntu' ¥, and ) cover those which are iikely to be
encountered in testing using the two methods.

The influence of ) on experimental amplitude attenuation is shown
in Fig. 7.1 and the influence on experimental phase shift is shown in
Fig. 7.2. These plots indicate when the effects of longitudinal cenduc-
tion become significant, compared to other experimental uncextainties.
They also can be used to estimate tha magnitude of the correction that
needs to be applied tc the experimental results to obtain the amplitude
attehuation and phase shift that do not contain the effects of loncitu-
dinal conduction. It should be noted that these plots apply only when
the guidelines for testing, set in Section 7.3, are followed.

7.2.2 Infinite Wall Longitudinal Conduction - As the wall longitudinal
conduction parameter )\ becomes large {A—= ©), the temperature of

the wall T, becomes a function of time § unly. The fluid tempe:ature

Te rexmains a function of both time and distance. To account for all of
the thermal energy entering and leaving the wall, the entire length of
the heat exchanger must be consiered. Thermal gradients i the wall

40 not exist and this is the only means of arplying the consersdtion of
energy to the wall; hence the resulting. integral Eg. (7.19) below. ZEg.
{(7.11) for the £fluid is also presented in intergral forxm, for consistency
reasons. The governing squations are derived in Appendix V ~nd are

*

N ar
- tt = *
§-—1 j T, Z+T +—g=0 {7.10)
tu = &
[+
- i >4
Fru 3T¢ 1 e s *
_— _— P, &Z~-T =0
Rtu az Ktn ! £ w
© c {7.11})
The solutions to the abovi ecuations are
- AQ 253 -.’
Ty = erpi-¢,2) sin I + =2 ces ‘; (7-12)
¥ EL.
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where tu

N Yeu l“ 1
|

y+1 +%
€y = (7.15;

N‘Cu
1+

The phase shift for the fluid downstream of the test core (% = Ntu) is
plotted as the A = @ line in Pigs. V-2 through V-5; the amplitude
attenuaticn is plotted as the )\ = o 1line in Figs. V-6 through v-9.
Bell and Katz [2] in 1949 derived an expressicn for the amplitude
attenuation of th: fluid response with infinite wail longitudinal condvc-
tion, for Ntu s 2. Considering the case whexe Ntu =2 and § =
the calculated amplitude attenuation is 9.4158. Using Bg. (7.12) with
the same parameters, prodﬁces an amplitude attenuation of 0.453. The
disagreement between the above results is believed to be caused by dif-
fering idealizations used in the sespective anzlysis. The analysis in
[2] considers the effecte of f£luid thermal capacitance, and uses a
mathematical approxixation to calculate the results., The analysis
included here in Appendix V, considers fluid thermal capacitance to be
very small (as it is in situations involving a gas) but uses no mathe-
matical approximations. It is believed the mathematical approximation

used in [2] accounts for the difference in the results.

7.3 Guidelines for Using the Periodic Technique

Temperature measurement uncertainty is considered to be the largest

source of error in the periodic technique. Therefore the testing should
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be dona in a manner that will minimdze the sensitivity of the techrique
to this uncertainty. A terperature uncertainty analveis is included iIn
Appendix VI. The analysis shows that the sensitivity of the periodic
technique, both the amplitude attenuation and the phase shift methods,

are funstions of Ntu and §. For a given . there exists an ¢ which

N
will produce the best test results (least tzz:ertainty in the heat trans-
fer rasults for an uncertainty in temperature measurement). If an
appropriate value of § is sclected and used in testing, the uncectainty
in heat transfer results can be held at about 3 percent, for a 1 percent
¢f the inlet amplitude uncertainty in temperature me2surement. The
values of §, recommended for testing, and the method tc be used to
reduce the date, are sticwn in Fig. 7.3. 7This figqure is a key one for
use in setting-up the experimental periods of oscillarion. From the
figure and the analysis of Appendix VI, the following recommencations

are made:

i. N_ <1, use the amplitude attenuation method with { < 0.2,

tu
2. 1= Ny, 7, use the phase shift method with 0.8 < § < 1i.3.
3. Ntu Z 7, use the amplitude attenuation method with § > 2.9.

‘7.4 Sensitivity of the Heat Transfer Results to Errors in Test
Core El:ysical Properties

The periodic transient technique reguires that the matrix physical
properties such as density Pyt specific heat Coye and therunal conduc-
tivity kw be known. In the periodic technique ¢ is calculated from

expzrimentally obtained amplitude attenuation D_ and phase shift Yeo

£
From an uncertainty analysis, included in Appondix VI, Noo and NR

s . X . 1
were found to be individually sensitive to errors in [ But because
of compensating effects, the j--—NR characteristic is not affected by

the errors in solid density (true only for 3 « 1/NR)'

1 P the wall density, influences the Reynolds No. indirectly through its
use in establishing porosity (flow area) gravimetrically. 5ee Eq.
(VI-9}.
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#n 2xror in core specific heat dpes affect the heat trarnsfer results,
Sut not the Reyrolds nusber. The analysis in Appendix VI shows that the
magnituce of sensitivity of the heat transfer results to exrrors in core
spacific heat is dependent on the test para=eter ¥. The sensitivity is
ploties in Fig. VI-1. The ficure shows that if the pericdic technigue
is used as rocotwended in Section 7.3, the sonsitivity for the z=piitude

ar+epuation =ethod is

d i"".:.*.x" ,'%‘t

[

]
[\

{(7:1

——— 'Y
ac¢c fo *
--lw

and Zor the phise shift method is

8 ey
W Cw

[14

3 = 0.7 {(7.17)

The periodic technicue then is very seusitive to inaccuracy in the solid
specific heat.

Ths: periodic technique is about as sznsitive to wall longitudinal
conduction effects as the marimur siope single-blow technique. Wail
longitudinal conduction effects must be considered for 1 Ntu > 0.0
Generally the effect cn heat transfsr results is less than 10 percant.
Therefore an uncertainty in sciid conductivity kw of 10 percent, weculd
produce only about a one percent uncertainty in heat £ransfer resuits.

7.5 Experizental apparatus

The periodic technique uses much of the same eguipment as the single-
blow transient technique. The wind tunnel test rig, originally described
by wheeler [5], has been modified as described mainly in Section 2 and
Appendix Y. For the periodic technique the FUNCTION SWITCH is set on P

{this corresponds to the P position of sW SW,, &

1
2 4
2.3). A cyclically varying resistor ({mechanical drive) is connected
to the heater control using the external PERIODIC INPUT plug. This

resistor consists of two resistors in series: a variable resistor used

., and ss-;s in Fig.

to adjust the zero-level (minimum value) of the total resistance and a

45




tnnand]

log-taper variable resistor «hich is dviven Ly the ca= oz a sr>ll vari-
Zble =peed electric =otor. The result is a paricfic variatisn in oles-
trical resistarce wnich is transformed by tha heater contrel in*o a
pericdic variation of the input of electrical pover %o the airstrea=
beater wires. Two s=al)l electric motore are used to oover 2 100:1 range
of period-of-csciilztion, 8, OCme ootor has a torgus of 52 in, Ibs. and
& s=peed rance mmﬁiaﬂ,toT.3<so<159 €eCc. The cther mtor has
a torgue of 4.0 in. lbs. and 2 speed ranze oorresponding to

I.5 <« So < 10 sec,

The remuiting 2irstrezs texperatvre does not have & pure sinusoidal
texperature variation., fThis reguires the use of a2 Fourier analysis of
the tewperature vaveforms to estract the fundazental, To illustrate how
closely the ingut teoperature wavefors resesbles a sizple sinusoidal
wave, the test run for Core 510, Appendix VIY, with XNp = 226 is
considered hwre. The a—plitude spectmizm (i.e. J a;‘; + ag} normalized

£o the first »armonic is listed in Takle 7.1:

Table 7.3

AMPLITIOE SFECTHIM OF WE DXNpUT
UEMPERATURE WAVE, NCSMALIZED
IO THE FIRST HARMORIC, w = 312 lhx/hy

Zarmmenic Magnitude
1 1.000
2 0.033
E 0. 066
4 0.028

Clearly there is a fair approx’=mation of 2 simple one-harsonic sinascidal
temperature wave input.

3 single channel. Honeywell Electroni% 19, Lab Recorder, is used to
obtain both thz upstream and downstream temperature records. 7o do this,
the recorder is connected to the upstream therzocouples for at least one
period 8 of and then quickly switched to the downstrean thermocouples for
at least one period. Using the switching point as the starting point
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for the downstreasm record and *backtracking™ one pericS for the nosiren:
startins oojrnt, the two close-to-sizmglitanegus termperature waves, reguired
in the &ata redoction prograz of Appendix VII, are cbiained.

The thermocouple systems far the tonstream ard downstreas sach oo
sisted of four sariass thermocoounlas vsing 2 Icos tenpesaloYe mercry
bath as the colé@ junction, & roo= tempovabure ©0if jonction was used
so that ths -2 millivolt sv:alecat.m recorder oculd e vsad with 2
maxizmm dafiection with no zevo offset rzguired., The tenperature ampii-
tuds was hald at sbout 10°F for the fiuid entering ihe iest core.

mmgemumaomm@ﬁ&aw@maa
count of {he mechanical érive cycles on the wvariable resistor.

7.5 =Results of Testing Core 510

7.6.1 Descriptiocn of the Test Surface - The surface tested was Core

%6, 510 {Corning Designiticn I~2512). It is a2 glass-ceramic surface
with straicht triangular passagus. The core serves a gua: puxpose.
mivst it is a new surfac: of the 1000 celis/in’ ciass and provides basic
heat transfer and flow f-iction inforsaticvn., Second it was tested using
the periodic technigue and the single-blow technigue {zaxim= slope
=ethod) and provides a direct compariscn of the Swo technigees. The

surface geometry and core weicht are gSescribed in Table 7.2:

Tabls 7.2
CCEE 510 SURFACE GEOETSRY AND WEIGHT

Cell count, ® 910 cells/in”
orosity, p 0,716
-3

ivdrauiic Diazeter, érh 1.693 {10 = £t}

2 3
Area densitly, « 1691 ££7 /5%
Cell height/width, & 0.622
L/4ar, 134,5

n

Core Mass, M 0.8657 ibm
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7.£.2 Test Resnlts - JUs heat transfer and Flcvw fricticn test resuics
ars piotiesd in Fig. 7.4 and are listed in 7Table ¥IT-S. the figore
Semonstrates the very good Sgveszent retwesn the aided single-dlow
technigns {maxizu= glope} and the perisdic technicue, The pericdic
technigoe vas used for 2.8 < ¥, < 36.5. his range in ¥, was not

possible for the maxizos siope zethod hecanse it is limited o Stn > 5.
che mffects of x2i3 lomgitedinzal comdection o e pericdic technicma
heat transfor rescits are ﬁsau'nonlgfnt‘ézehi:-ésm ﬁa%i'gi test
poirts, The rest of the test points were virtmnally mumaffected by e
wall longitw@inal comdaction. The friction factor resclis ave not
deserSent on the type of transisnt tesh technigoe usad since tastirg
for £ involiees only ztezdy-state. A summary of the Dasic fiow fric-
ticn and heat transfer data for Corxe 510, taken fxoes the smocthed curvss
of Fig. 7.4, is listed in Tabla 7.3.

Heat transfer sesuits, j, are about 25 percent iower than thecreti-
caily predicted yesnits Sor egquilateral triangulary tudes, with a constaat
heat flux bomdary orsnditicn. This disagressent is believed to be caused
pri=arily by 2 cozbination of passagz mcauniformdty in the matxix, moo~
trianzular shage of the passages {two~thirds of the corners are well
rounded), and the heat transfer boundary onditjon used in the theory

not being weli duplicated in testing, Friction factor resulis, £, are

abou: 13 percent lower than the theory for eguilateral iriangul™r passagss.
In this case the disigreerent is believed to be caused by passage son—

uaifor=ity ané non-triargular shape; frictaon factor is not affectecd by
the heat transfer boundarv condition. A —ore detailed analysis of the
above effects will be presented in a future report.

Fig. 7.5 demonstrates hox well the guidelines froa Section 7.3 were
_fcllowed in the Core 510 tests. The experizental vaives cf § are
plotted for the corresponding values of Rtu‘ The figure shows tnat the
experisental values of the nondimensicnal period § were 211 within the
tclerance li=its of Pig. 7.3,
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8, COMPAL™NG THE PERIODIC TECHNIQUE
WITH THE MAXIMUM-SLOPE METHOD

8.1 Periodic Technique

The periodic technique has sevecral advantages:

l. It has a wide useful test rangz, 0.5 S N

=
u = 5C (may be useful

for even liigher values of Ntu)'
2. It is conceptually rather simple. This is shown in the analysis

to obtain the finite wall longitudinal conduction effects.

3. It is basically an integral technique .and does not require

extracting derivatives from experimental measurements.

4., Analytical regponse curves are not required since the heat

transfer resvlts are comgputed in the data reduction.

5., Computing time is short; each run requires about 1 second on an
IBM 360/67.

6. Periodic temperature waves are easier toc generate experimentally
than step functions. The consziderable design effort included in
Sactions 3, 4, 5, and 6 could be eliminated by using the periodic
technique. ’

Disadvantages of the periodic technique are:

1. It requires two temperature records.

2. A digital computer is required, especially for the Fourier
analysis and the iterative steps used in accounting for wall

longituainal conduction.

3. About 30 to 50 data points must be read from each temperature
record and thic information prepared for the computer, requiring

about 30 minutes pex run,

4. A suitable period of oscillation, eo’ nust be determined approxi-

ﬁately,prior to testing.
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8.2 Single~Blow Technique, Maximum=Slope Method

Advantages of the maximum-slope method include:

IU

3“

It is easy and fast to use. The experimental tempexrature
records may be evaluated and prepared for the computer in about

15 minutes per run,

Computing time is short, about 0.l seconds per run on an IBM
360/67. Moreover, the computations can be "hand checked" quite

readily.

It has good accuracy for 5 < Ntu <-50.

Disadvant=ges of the maximum~-slope method are:

1,

2,

3.

4.

It requires an axperimental step-change in airstream temperature

which is difficult tc achieve. If a reasonably good step-change

" is not used in testing, an additional correction must be applied

to the experimental results to account for this.

Sensitivity to experimental uncertainties becomes very large
in the 0.5 = Ntu = 5 range, limiting use of the methcd to

Conceptually, the method is complicated. Analytical respense

curves are required in the data reduction.

Experimental derivatives are required.

8.3 Similarities

The periodic technique and the maximum slope method are very similar

in the following ways:

1,

2‘

3.

4.

only one fluid is uced.
Matris surfaces can be tested.
‘No wall “emperature measurement is needed.

iiigh effectiveness cores can be testedc.
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5. Wall longitudinal conduction effects on test results are about
equal.
6. Sensitivities to uncertainty in core specific heat are about
equal for 10 « Ntu < 50,
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9. CONCLUSIONS AND RECOMIENDATIONS

9.1 cConclusions

1,

2.

3.

4.

5.

6.

The Leater control, designed and constructed as a part of this
project, functions satisfactorily. The time constant of the
heater system is reduced by from 60 percent at 100 1lbm/hr to

40 percent at 1000 lbm/hr. Some of the other desirable features
of the heater control are: solid-state device with no mainte-
nance required, small size and economical, control by a small
resistor, flexibility in application to systems requiring more
power by just changing the silicnn control rectifiers, and

cyclic temperature control possibility.

Using the fast response heater system (aided) caused the heat
transfer results to be higher by an average of 3.8 percent, for

the four glass~ceramic cores tested,

Guidelines for using the periodic technique were extended so it
ncw can de used in the range 0.2 < Ntu < 50. Use at Ntu > 50
was not considered, but should pres<nt no special problems,

The periodic technique was generalized to account and coxrect
for the effects of wall longitudinal conduction. The magnitude
of the corrections was found to be about as iarge as for the
maximum-slope method.

The periodic technique was uvsed for 2.5 < Ntu <« 36.6. Vexy
good agreement was demonstrated with the maximum-slope results

obtained using the fast response heater system.

As demonstrated by the above agreement, both the periodic and
the maximum-slope techniques give good results when properly

applied.
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9.2 Recommendations

i.

2.

4.

5.

A fast response heater system is required in +he maximum slope
method. A heater control circuit, such as presented in this

report, is recommended as a means to achieve the fast response.

The periodic technique is recommended ar *he overall best
transient technique to use. A wide Ntu-test range as well as
an easily generated temperature wave are two major advantages.
To resolve the differences between the change in heat transfer
results obtained experimentally in this project due to a
sharper input step-change, and the analytical predictions of

[3,11], the following are recommended:

a. Perform maximum-slope tests, intentionally using an
extremely slow-response heater system, This wouid allow
easy and accurate measurements of the input temperature
function and wculd produce large efferts on the heat

transfer results.

b. Use a geometrically uniform test core to eliminate
possible effects or passage nonuniformity on results.

The effect of a non-simple-sinusoidal input wave cn heat trans-
fer results using the periodic technique should be determined.
One way to experimentally obtzin a more regular sinusoidal wave
is by placing a low-Ntu matrix in the airstream between the
heaters and the test coxe. 7%The matrix would serve to damp out

higher harmonics.

The sensitivity of the periodic technique to nonuniform flow
@istribution in the test matrix should be analyzed.
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APPENDIX I

GENERAL TEST RIG INFCRMATION

Specifications of the Test Rig (see also Fig. 2.1)

Table II~-1
STANFORD TRANSIENT TEST RIG SPECIFICATIONS

Inlet: Bellmouth with a pack of screens and an egg-crate flow
éttaightener. A fan is used to mix the air before

entering the inlet.

Heaters: Four. banks of 0.003 in, dia. alumel wire with
a. Maximum heat generation rate ~ 2,37 Btu/sec
(= 2500 watts)
b. Electrical resistance - 5 ohms
c. Thermal capacitance - 1.8 x 1074 Btu/or

Heater Control: Solid-state device with
a. Single-blow capability - 100 < w < 1000 lbn/hr,
aided /.‘ﬂ‘w “z 15°F )
b. Periodic capability - 50 < w < 1000 lbm/hx,
amplitude & 10°F
1. Large Motor -~ 7.5 ~ Period < 150 sec
2, Small MotHr -~ 1.5 < Period < 10 sec

Test Section: Plexiglass drawer capable of accepting a test
core of 3.25 in. x 3.25 in., x up to 4.0 in. long.

Temperature Sensors: Copper-constantan thermocouples
a. 1Inlet - 1 junction, 28 gage, ice reference.
b. Orifice - 1 junction, 28 gage, ice referencse.
c. Upstream - 4 junctions, 0.002 in, dia. wire, ice

or mercury bath references.

d. Downstream - & junctions, 0.0G62 in, dia. wire; ice

or mercury bath or incoming inlet air references.
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-Pressure Sensors: Vertical and inclined mancmeters reading

inches of water. Taps are located upstream and down-
stream of the test core and at 1-D and —;-- D from the

orifice plate.

Flow Meter: Sharp-edged ASME orifice, two plates, No. 1 - 1.301
j-xlo éli.ai. . 11<>. :! - :!. :2():[ j-r‘. fii.51o Fi I)i-!’(a éli.i!!]!tii:!!l? - :;o ()f; j-rlo

Blower: 1000 lbm/hr at 20 in. of water static pressure rise.

e

Pitot Tube: Standard pitot-static tube, 0.1 in. OD. A recession
in the test rig wall is provided for stowage during heat

transfer tests.

Circuit rLayout of the Heater Control

IGERARUERIE T T T

The heater control consists of three main sections, assembled in
sequence and enclosed in an aluminum box, The sections are: front panel
Fig. I-1, firing-circuit board Fig. I-2, and power boaréd Fig. I-3.
séhematic diagrams for the banks of capacitors cz and c3 are shown in

" Fig. I-4.

Operating Instructions for the Heater Control

FAST RESPONSE SINGIE~BIOW

7.
8.
S.

Set air flow rate.

Adjust C2 and C3 according tc Table I-2.

Set R2 and Rs to O.

Turn Sﬂl to ON.

Set FUNCTION SWITCH to U.

Adjust Rz for about 20°F teimpature rise using airstream
thermocouples.

Set FURCTION SWiTCH to D.

Adjust Ry for about S5°F temperature rise using the tihrermc~wples.
Switching FUNCTION SWITCH alternately from D to U to D etc.
will produce the required fast response Step-Gp ané Step-Down
in airstream temperaturs entering the test caore.

oy
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NORMAL SINGLE~BLOW

1.
2,

PERIODIC
1,
2.
3.
4.
S.
6.

7.

9.

Set FUNCTION SWITCH to N.
Switching Sw1
response step-change in airstream tempsarature. OCnly R2 is used

from ON to OFF to ON etc. will produce a regular

to control the upper temperature level.

Set FUNCTION SWITCH <o P.
Tuxn swl to COFF.

lug in the variable resistor with zero-level resistor at zero.
Rotate cam to minimum resistance position.
Turn swl to ON.
Adjust zero-level resistor for about 20°F rise in airstream
temperature.

Fotate cam and note temperature amplitude fluctuation.

rf necessary adjust the amplitude using the cam mounted resistoer

and repeat steps 4 through 7 until the desired temperature wave
is obtained.

The period of oscillation is adjusted using the motor speed

control.
Table I-2
CAPACITGR SETTINGS
w c, Cy
(1bm/hx) Position Pocsition
100 1.0 1.5
130 1.5 2.0
isC 2.0 2.5
200 2.5 3.0
250 3.0 3.5
326 3,5 4,0
400 4.0 4,5
500 4.5 5.0
630 5.0 5.0
800 5.5 5.5
1000 6.0 6.0
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FRONT PANEL (BACKSIGE)

7 weRe TO FIRING CIRCUIT BOARD
S8 WIRE ONLY ON FAONT PANEL -

Figure I~1 Backside of the Heater Control Front Panel
{shwing position of controls and wiring connections).

s it i

ARING~CIRCINT BOARD ({BACKSIDE}

")

i, CHIRXAR D oL

a TO FRONT PANEL

= OMY ON FIRIG CIRCUIT BOARD
— ON BACKSIDE

=== OM FRORTSICE

a TO POWNER BOARD

Figure I-2 Heater Contrcl Firing Circuit Board (showing
positionr of circuit elements and wiring connections).
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POWER BOARD (BACKSICE)
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RECTIFIER
GOOLERS

Figure I-3 Heater Control Power Beoard {showing input
and output connection terminals and SCR coolers)
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Pigure I-4 Schematic Diagrams of Banks of Capacitors

c2 and c3.
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APFENDIX IX

HEATER THEAMAL CIRCUIT PARAMETERS AND ZCAP INPUT

Thermal Resistance

The air film convective thermal resistance of the heater wires is
defined as

A _1
Ry = mA),

“The total surface area of the wires, of length 4 heaters x 56 passes x
3.25 inch/pass and dia. 0,003 inches, is

_ _ Tx.003 x 4 x'56 x 3,25 _ 2
A =1, m = ~—T3 = 0.0476 £t

The surfac» average convection heat transfer coefficient of the wire
h, can be determired using data présented by McAdams [39]. Ia the
reference, NNu, is plotted versus NR for air flowing nomal to single
cylinders. For example, consider the air £low rate of 590 lbm/hr. The
Reynolds number is calculated:

DG

A .003 x 599 x 12

N
2::3600x145x107

R

H —
B 325

From the N‘Nu versus NR grach

nD
A H H

Air viscosity and thermal conductivity used in the KR and NRu calculations
are taken from [19], using a f£ilm temperature of 2G0°F. Then

3.1 x 0.0182 x 12 Btu
R, = 0.003 = 226

hr-ft -°F
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Zhe above calculations have Dsan wepszied Jor fiow T=Tes T oSl

the coxee in Fig. 3.2. -

Shermal Cepacitance

values used for the chycicsl pioosriies of the 23ume] hegter wiv

ave 113}

5e4 Bmsses

- =
2=
o.13 ===
- 2§ t— p—
g T B mer

] - z - o = - -
c 2 (zco) 3.2 x2. 8 X E I E =2 x .32
] L 3 #iz T 3IFzE

The ECAT 3] ecuivalent circcis for-the thermal cixtsit §= Fiz. 3]
is givea in £i,. II-i. XSes a3 positive cmTent SErectices ITe 3ssE
Ly the figure, The ECAP izpet for e coasd Mere ¥ = 530 EIaosor,
considered in appendix ITE, is iisted in Tadle IT-i. Torreste-sooros

values cn the 11 ¢ =3 are for the stsp-Tp @3 with £ = 1.1 pF. THi

is discussed more in lopendix III.
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Figure II-1 ECAT Representation of the Thermal Circuit ‘

Table I1I~1
ECAP PROGRAM INPUT SAMPIE

TRENSIENT ANALYSIS

L. W=590 LBM/HR C?2=10.1 MFD
81 N{Os1)y C=1,770~04

82 N(1,0),R=336,

Il (5’ 12037'201001185’1.6‘0’1046,1 13391.21'1.1’910:"5!
$0:99909290.8990.8640,84,0.01,0,80,0,75,0.78,0, 78

TIME STEP=0.001

DUTPUT INTERVAL=10

FINAL TIME=Q,25

PRINT¢NV,CA

EXECUTE
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APPENDIX IIT

STEP-UP CIRCUIT ANALYSIS

Technique Used

The key elements in the heater control circuit of Fig, 2.3 can be
approximated by Fig. IIT-1;

-
= 22 volts nC
T

n]!——

Figure IIT-1 Approximation of the Heater
Control Circuit, Step-Up Case

To analyze the circuit in Fig. 2.3 a means is needed to obtain the inter-
base voltage VBB or the UJT as a function of time, The circuit in Figq.
{II-1 makes this possible by simplifyZng the calculations. The Z2-volt
DC voltage source is equivalent to the voitage developed across zener
diode CRS' Interbase resistance (IE = 0) is denoted by RQ. The value
used for RQ in the design calculations was 5910 ohms.

The circuit.equations written on a nodal basis are

Ncde at VBB
2V 0-v._ V.-V
2. BBy 20 (1I1-1)
R o 4
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Node at V2

Vo=V d(0~V2)
R4 2 dg

+
(o}
"

(=)

(T1¥-2)

Solving Fgs. (ITI-1) and (III-2) for VBB yields

"i!l; = :Z() . (; - 53 . ‘7 €!3{E> ""’l()) ( ]:]:]:”:3 )

whexe 1
il 1
24 [Eeded]
T

c
The quantity ¢ is a correction applied to the value o.f:"c2 to account

e

+

w>

I

o

fpr the chopped voltage applied to the firing circuit, see Fig. 2.4. A
chopped voltage exists across the firing circuit (1?3 or CRS) because the
voltage collapses during conduction by the SCR's. Fig. IIT-2 shows how
the effective heater control output voltage varies with the phase angle
(triggering time). The values in the figure are from a simple heating-
effect analysis of a sinusoidal voltage wave, with a peak absolute value

of 170 volts., Figure I1II-2 also defines the triggering tim= es, used
in the following definition:

o A es, Initial Condition + es, steady-state
= i 2 x 0.00833 D

(III-5)

o can be regarded as an average portion of real time during which
capacitor c, is being charged by the blocking effect of the SCR's.

Interbase voltage VBB may now be calculated as a function of real
time using Egs. (III-3), (III~4), aud (III-5). Trials are made and the
results examined to determine Cz. c2 is a function of air flow rate,
hence the variable notation in Fig. III-1.

Having obtained Vo (8), the firing voltage VP may be calculated.
The relation used is given by the -anufacturer [7] for UJT 282646 as

typically
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Figure 11I-2 Effective Heater Control Output Voltage

vVariation with Trigqgering Time
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figure III-3 Heater Control Output Voltage
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vp(e) = (465 vaa(e) + 0.5 {I1I~6)

Fig. III-3 providss;. the output voltage of the heater control as a
function of the firing voltage VP and the steady-state resistor value
Rz. 1t is a key one in the circuit analysis., Knowing the steady-state
heater power required, the value for Rz may be found by flirst using Pig.
3.3 to get the steady-state voltage output required of tke heater control.
Next, Fig. III-3 is used to detemine the value of Rz con the steady-state

line corresponding tc that heater control voltage.

Sample Calculation

An intermediate ajir flow rate of w = 590 lbm/hx is chosen for

this example with C_, = 10.1 yPF. The heater power for steady-state

2
operation is -
_ © _ 590 x 0.24 x 20 _ Btu
q, = weg A Tu = 3600 = 0.787 Sec

The steady-state voltage outpuat of the heater control is then found using
Figo 303: i

. =64
VH! Steady-State 6 volts@

and the value of R, from FPig. III-3:
R, = 26,000 chms

rig. TII-3 can zlso be used to £ind the initial voltage applied to the
heaters. From the figure

VH, Initial = 112 volts RMS

with a corresponding pcwer generation rate of 2,37 Btuw/sec.
rig. III-2 is used to find the initial-condition and steady-state
triggering times, 95' used in the calculation of g¢. Using BEq. (III-5)

_ 0.€0235 + 0.00512 _ o ¢
¢ = 732x0.00833 .
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and from Eq. (III-4) the value of 7| is calculated

1,1
390 ' 5910 -
= — = 51.4 sec T
0.1 x 30 x50 f 1, 1 . 1
5. 45 350 ¥ 5910 * 500

Using this value for 1 im Eq. (III-3), the calculating equation for

VBB(B) is

Vo (8) = 20.6 - 8.7 exp(-51.4 )

A time step of 0.005 sec. was selected for the calculations of input
voltage to the heaters. At the first time step ¢ = 0.005 sec

VBB(O.OOS) = 20.6 - 8.7 exp(-51.4 x 0.005) = 13.9 volts

and

vp = 0.65 » 13.9 + 0.5 = 9.6 volts

From Fig. IXII-3, with R2 = 26,000 ohms and VP = 9.6 volts, the heater
voltage may be obtained:

VH(O.OOS) = 105 volts RMS
Fig. 3.3 is next used to find the heater power generated:

¢ (0.005) = 2.10 22
[ sec

The value for time ¢ is now increased tc 0.0l sec. and the series of
czlculations beginning with VBB{e) is repeated. The results are plotted
in Fig. I1I-4 for four values of Cz, covering the design range of
interest.

Each curve in Fig. III-4 may be used as input for the ECAP program,
discussed briefly in Section 2.3 and Appendix II. Response cuxves,
calculated ueing ECAP, are shown in Fig. III-5 for the four values of C2.
The infiuence of C2 on the results is very epparent and C2 = 10.1 pF

was selected for use in che circuit.
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a0 wge 590 wmshs |, ATa s 20°F
fue 0059 s , Ry » 255000
L 25 Res 5005

INFUT TO HEATER WIRES, Btv/eec

TIME , s0¢

Figure III-4 Input to the Heater Wires, w = 590 lbm/hr.

- ’ ) o WO, AT, 20°P ]

HEATER« AR (LML TURE FOTINTIAL, '

Pigure IIT-5 Response of the Heater Wires Calculated Using ECAP.
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The same type of analysis was done at air flow rates of 100 lbm/hr
and 1000 lbm/hr. The respective valﬁes for C2 were selected on the
basis of resulting closest approach to a step-change in airstream
temperature. Values of C2 to be used at intermediate air flor rates
were determined by intexpolation.
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APPENDIX IV

STEF-DCHN CIRCUIT ARALYSIS

The key elcmenits in the heater control circuit of Fig, 2.3 can be
apptoxin;ated by rig. zIv=-1:

%
Yot
i j A4
- - 22 wvolts DT
. > 3 T
) "BS
<
-3
y 2
Pigur= I¥1 Arproximation of the Heater Control

Circuit, Step-Down Case

As in the step-up case, to analyze the circuit in Fig. 2.3 a =eans is
needed to obtain the interbase s;w::»lt:ar_;e'cvB on the B3 as a fenction of
ti=e, The circuit in rig. Iw-i si.—alifies the calculations. The 22-
volt C voltage is ezuivalent to the voltage developed across zaner
diode . nterbase resistance (with L ~ 0) is deroted by aQ. The
value used for Q,‘ in the dasign calculations was 5919 oh=s. Variarle
resistor = Ry is nm 2o agjust the steady-state woliage (I =~ S“‘! cutpst

o the kraters in the stes~down zode of operation.
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The circuit equations written on a nodal basis are

Node at VBB
0=V v~V a{v._-v_)
2
. BB . BB c 2 8B _ . (Iv-1)
[0 5
Node at V2
22~V V..~V atv__-~v.)
2 BB 2 BB 2
+ + =0 2
Fl Rs C3 aa {IV~-2)

Solving Egs. (IV<1} and (Iv-2} for VBB yields:

2

(8]

2

[\

v._(8) =] 20.6 - exp(-ng) + (1V-3)
8B ‘ Rs Rl -} Rs Rl
§_+-R—.+ 1 ! R—+~§-+ 1
2 0 J 10 ™2
where
1.8,
oo o

TN
°\R /
o is defined and discussed in Appendix III. However, for the step~doin

case the initial coandition corresponis to 9, = 0 and the steady-state
cendition to Cﬂ‘e ~ 5°P. Therefore, Bq. {III-5) becomes

es, steady-state
2 x 9,004833

3+

g = 0. (IV-4)

As steady-state is approached, the éxporential ternm in Eq. (IV-3}
vanishes, allcowing calculation of R‘:' The steady-state heat generation

rate is

= we_ 5 {IV-5)

riq. 3.3 is used to convert this into heater voltage. Fig. III-3 is
then entered zt the curve for Rz = 40,000 chzs to obtain the firing

>e us
voltage VP, hexce VBB, steady-state ing
i3

b om0 o

SN st beo
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. - i e — = — — ——e vy - T, T
v_=-0.5
174 = 4
BB 0.65
From Eq. {(IV=-3)

K = By (v = - ;—1 - 1») (£v-6)
BB, steady-state O

All the parameters in Eq. (IV-3) having been evaluated, the interbase

voltage vBB can now be calculated as a function of time. A process very

similar to the step~up case in Appendix III is used to calculate heater~

wire temperature. The curve for R‘.a = 40,000 ohms in Fig. 1XII-3 is used

for all air flow rates in the step-down mode; the variable resistor &2

has been replaced by a fixed resistor RG'

74




ATEEDEX ¥

DERIVADICES TFOR TES FERICDIC ==g=

In this appendix, a segment cf an idsalized heat sxchanser, Fig.
v-1, is analyzed io arrive at the gifferential 2m3 ixtagrel eguazices
which govern the buik fluid fesperaturs and the wall fooperators 3 ths
heat exchanger. The couservation of energy; conssrmaticn of n3ss, ths
ccnductive and convective rate eguaticns, axs the egmaticn of sTals o=
used in the analysis. <Shree casss 2re comsidewmd: e w@al: Ioonitndica’
conduction is zero {as treated in [£3), the wall loogiendizay condscion
is finite, and the wail loncitredinal confoctios 3e infinize. ¥o 233
cases the radizl thermal condietivity is consifered 3s infinmite.

T

8x

[P PR N _--_"

w * =
x X & =x

“““‘“ﬂﬂ‘l

ix — Muis Flow —— 3

Solid
wall

uu*unq TN

—_— — 3 E2tabat3s Szris
Pigore w1, sagzxcfazmaxm

the following icdealizaticns are mads.

1. 7The tecperatures T of the wali, a=2 %, of vh= ¢

-

tijons of tine 2 and distante X o:miv.

)
(7]




2. The system is overall adiabatic.

3. Wall and fluid properties are constant.

4, The flulds are considered to be low velocity gases at constant
pressure, and the enthalpy and internal thermal energy can be
treated as functions of temperature using the specific heat
prcperty.

5. There is no loagitudinal heat corncuction in the fluid,

6, Fluid thermal capacitance is neglected relative to the wall
capacitance Ew' This was considered in [4] and shown to be
negligible in situations involving a gas.

7. The fluid bas =steady-flow.

Derivation of Equations

The conservation of energy applied to the solid wall segment of
unit depth norwal to Fig. V-1 can be stated by the following equation,
At any ingtant of time @

(B ) ganx = (Gl + @+ &0, =0 (V-1)

The conduction and convection rate equat.ons for 9, and Agq respectively

are:
qw = -kwt —aavT—:- (V-2)
X+
o = A h(R-T ) dx (v-3)

The eneigy storage term for the wail is

x+0x

L4 aTw
& = [ (pot) == &x (v-4)

Egs. (V-1) through (V-4) can be combined and aftex applying the theoram
of the mean and passing %o the limit (Ax -» 0), the following equation is
cbtained:
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-kax (ts,?) - h(Tf-Tw) + (pc:t:)w —aé- =0 (V=-5)

The conservation of energy applied to the fluid system in Fig. V-1
can be stated by the following equation. A%t any instant of time §

(wi) - {(wi) < ¥ Ag=0 {(V-6)

X+A%

Egs. (V-3) and (V-6) can be combined and after applying the theorem of
the mean and passing to a limit (&x — 0), the following equation is

obtained:

.-a— i = = -
ax(w:.) + h(‘I‘f Tw) 0 {(v-7)
For a perfect gas
oT
i =c £ {(v-8)
o P

Since w 1is a constant, Egs. (V-7) and (V-8) ars combined and become

an 0
wcp —a—x— + h(Tf-Tw) =0 (v-9)

The parameters C & Ew’ and R are now introduced and are defined by

e

1
[AY —
8 wcp RS

s~ A
Ty = (pAC)wL

Egs. {v-5) and (V-9) become
oT, Te~T, _ OF

W w )
kwL'gi(Aw ax) i3 Cw o6 ( )
T T, - T
£ f W
= -11
c:f ™ + T 0 (v-11)
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The above Egs. (V-10) and (V-11) apply even for variable A, R, Ew' and
Cf. These will be considered constant and the following definitions
are introduced:

x OX gt a8
= 68
RCW
kA
Rcfﬁu—l- y 8 -:-Z—ﬁ (v-12)
tu 3
A T~ R T T
£= Ar w  AD
o [o]
_ *
Z =N, x

where Tm is the mean temperature about which the system cscillates

* *
and M‘o is the amplituds of Tf at the inlet. Tf and Tw are the non-

*
dimensional temperatures and ¢ is the nondimensional time. The non-

dimensional space coordinate is Z. Then Egs. (V-10) and {V-11) become:

* 2 %
T - P AN ® % (v-13)
£ - == 2 -
v ta
. *
s e v-14
Tf-Tw—--é? {v-14)

Solution For Wall Longitudinal Conduction Zero () = 0)

kA
when the wall longitudinal conduction parameter x(é ;.Cw)
approaches zero, the last term in Eq. (V~13) becomes neglig:Lbfe and the

equations of interest are

= -1%
'rf - T, == (v-1%)
Q8
aT,
* * S f
- I “14
Tf Tw 02 v }
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The boundary condition is

* * .
Tf(O.S ) = sin2m {v-16)

o” I“’
0
(1]
5
«|®,

with the definition

n>
¥l
Blge

(v-17)

e

The parameter ¢ is 2 nondimensional period of oscillation and REW is

the heat exchanger wall time ccnstant. The solutions of interest are
the particular solutions which result after all the initial condition

effects have damped out. The soluticns as given in [4] axe

*

'r; = exp ( =2 ) {sin(’%— -3 )} (v-18)

1 + gz- 1+ ¢2 !
* ¢ *
e gy et fee (- g o
\/1 1 1 +% ‘e 1+ ¢
whexe B Q tan—l -;5 {v-20)
For the fluid:
Amplitude Attenuation = Df = exp(——:Z—z-) (v-21)
. l1+y
and
thase Shift = Yg = ¥ A (V=-22)
L2
1+ 5

*
The amplitude octeruation and the phase shift of the fluid at x =1

or Z = Ntu are plotted in Figs. V-2 through V-9.

For the wall:

. ¥ -2 ¥
Amplitude Attenuation = D = exp ( 5) = = D,
Y g 144 ) Vi+¢
(v-23}
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ang
. -3
:ai.zases:-n.sﬁ:-;}*_mz1é 22+§=Y¢étan'-§~ {v-214}
+ 2 -

The reco—endad valves for ¢ to use iIn actual tests esing fluid
tesperature measurenent, are derived in Agpendix VI and are gresented in

= v ] < 3 &
- J-3 &0: 052 < }it“: ( 30.

Scliuntics Fox #z2ll fongitzdinal Confuction Pinite

In this case the last terr of Zg. (¥-13) 3is 5ot neglected, and the

ecuations of interest are Ecs. {¥-13) and {14}

-

&
? = = —_*- - ‘tn - {':‘-13}
£ - ?35 "m:.
t 2
= - CTf
-F, 5 = {v-15)
The boundary congition is unchanged. The solutions are
* . fis* 1} -
= - e - & -
TS expiy 512} sin X? -2z}f {25}
.ni . et
- = 3- jni=_ - - 2 . e 2 e
T exp(-€,2) {(L sl} s:l."i‘!;P szz} e, cos(? € )} 1v-25)
sxhere £y and £, are finctions of ¢ and B‘gtc only, and =ust

satisfy the following set of eguati.avs

g =
_ 2 i 3 2 2 3 2 - 2 o
R LN e Y 52} 27}
i-€
R T 7= SR 3
€2 =3 3H_ (52 3eje, + 25162) {v-28)

The coastants el and €2 have heen calculated and axe tabunlated in
Tablag w1 and ¥-2: The fortran subroutine CEEXT, presented in Appendix

VI, was used %o gererate these tables., The subroutize COQOCT cses the
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1abie V-1

CCONSTANT <3 IN THE SOLUTION FOR THE PERIONDIC TECLHNIQIE
NiTh FINITE WALL LUNGITUDINAL CunDUCT Tun

- S I LY ::::2::::::33::3”:3:‘:::::::: >+ 22 2 X F T T 2523 5 F %
¥ AN,
ok
) 0.061 0.005 0,010 0.050 0,100 0.500 1.000
EX=== :::::::::::::::z::z:s:::za:iu=====:::=====:==:=====:::1

0c2 { 049015 0.9616 0.9617 0.9618 0.9629 0.9642 0.9767 0.997%
Ceé | 0.8621 0.8362L 0.8621 0.2621 0.8623 0.8525 G.8538 D.798S
0.6 | 07353 Co7352 0.7347 Co 7342 0.7296 00,7232 0.6566 0.5498
0.8 | 046098 0.6095 0.6087 0.8076 0.5988 0.5875 0.5000 0.4242
1.0 | C.5000 0.%398 0.4988 0.4975 0.4877 0.4758 0.4008 0.3457
1.2 | Co4096 0.4996 0.4987 3.4076 0.3989 5.3889 0.3313 0.29:2
l1e4 ] 03378 043377 043370 0.3361 0.3294 0.3218 0.2739 9.25%6
1.6 | 00,2809 C.2808 (.2803 0.2797 0.2750 0.2697 02404 0.2191-
1.8 | 0.2358 0.2358 0.2355 0.2351 0.2321 0.2287 0.2091 0.1939
2.0 | GC.20C00 Ga2Q00 0.1998 0.1996 0.1979 0,.1959 0.1838 0.1732
2.2 | 0.1712 01712 0.3711 G.1710 G.1703 0.1094 0.1623 ¢.1560
2o | 01479 0.1479 0.1479 O 1479 0.1478 0.1477 3.1453 J.1413
2.6 1041289 0.1289 0.1289 0.1290 0.129% 0.1298 0.1395 0.1288
2.8 { 001131 0.i131 0.1132 V.1133 0.1140 0.1148 0.3178 0,1179
3.6 0.1000 0.1009 0.1001 0.1002 0.1012 0.i022 0,1969 0.1083
3.2 | 0.0890 0.0890 0.0891 0.0892 0.0%93 0.0915 0.0974 0.0999
3e4 ¢ 0.0796 0.0796 0.0798 D.G799 08,0811 0.0824 3 .0RI1 2.0925
3.6 1 0.0726 0.0717 C.0718 0.0719 0,0731 0.074S 0.0818 0.0858
3.8 | 0.0648 0.0648 0.064S D.0651 5.0663 0.0675 0.9753 0.0799
4 C § 0.0588 C.0589 0.059Q 0.0591 0.0603 0.0617 5.0695 0.07435
%.2 10,0556 G.0537 0.0538 0.0539 0.0551 0.0565 0.06%¢ 0.0697
o6 | 00491 0.06491 0.0493 C.049¢ 0.0505 0.0519 D.0538 0.0653
%s6 | 0.0451 0.0452 0.0453 0.045% 0.06455 0.0478 0.0556 0.0013
4.B | 0.0641¢€ 0.0416 0.9417 0.0419 0.0429 0.0442 06.0519 00,0576
5.9 | 0.0385 0.0385 9.0386 0.0337 G.0397 0.0%09 02,0485 0.0543
5.2 | 00357 0.0357 0.0358 0.0359 0.0369 0.0330 5.045% 0.0512
5«4 ] 0.0332 0.0332 0.0333 35.033% 0.0343 0.0354 J.0425 0.0484
56 | 0.0309 0.0309 9.031C 0.0311 0.0320 0.0331 0.0401 0.04#58
5.8 | 0.0289 0.0289 0.0290 0.0291 0.0299 0.0319 0.0377 0.0434
6.0 | Co0270 0.0270 G.0271 0.0272 0.0280 0.0299 0.0356 0.0412
6.2 | 0.0254 0,025% 0.0255 0.0256 0.02063 0.0273 G.0336 0.0391
6.4 | G.0238 0.0239 0.0239 0.0240 0.0248 0.0257 00318 0.0372
6.6 | 0.0224 0.0225 0.0225 0.0226 0.0233 0.0242 0.0301 0.035%
6.0 | 0.0212 0.0212 0.0213 0.0213 G.0220 0.922R 0.0285 0.0337
7.0 | G.0200 0.0200 0.0201 0.0202 0.0298 9.021¢& 0.0271 0.0322
7.2 | 0.0189 0.0189 59,0190 0.0191 0.0137 0.0205 0.0258 0,0307
Teh | 00179 0.0179 0.0180 0.0181 0.G187 0.0194 0.0245 6.0294
T.6 ]} 0.0170 0.0170 0.0171 0.0172 0.0i77 0.918% 0.923% 0.0281
7.8 ] 9.0162 0.6162 0.0162 0.0163 C.0169 0.0175 9.0223 90,0253
B.0 | 0.0155% C.015& 0.0155 0.0155 N.0150 Q. 0167 0.0213 0.0258
Be2 | UO147 00,0147 0.G147 0.0148 0.9153 0.0159 9.0203 0.0247
Eod | C.0140 0.0140 0c0140 0.0141 0.0146 0.0152 3.0195 0,0237
8.6 ] 0.,0133 G.0134 0.0134 2.0135 0.0139 9.0145 0.0186 0.90228
8.8 | 0.0127 0.0128 0.0126 0,0129 0.7133 0.0139 0.0179 2.0219
9.0 | 0.0122 0.0122 0.0122 0.0123 0.2127 G.0133 C.0171 0.0211
D2 | 0.0137 00117 0.0117 2.0113 0.0122 0.0127 0.0164 0.0203
Sed | 0.0112 0.0112 0.0112 0.0113 G.0117 0.0122 J3.9153 0.0195
S.5 | 0.0107 ..0107 0.0108 0.0108 0.0112 J.9117 0.015Z 0.0188
]9s8 §.C103 0.0103 0.0104 0.010% 0.013838 0.0112 2.0146 0.0192

‘:::“::::::: ::::::g==:x==::=zt:xx=:z:::=:===========:==:===:J
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CCNSTANT €2 IN THE SOLUTION FOR THE PERIODIC TECHNIQUE
WITH FIAQITE RALL LUNGITUDINAL CUNDUCTION

S R S T T IR T T N T N T O R R e R S R AT S eSS S T R T S S S R R R SRS X ST RS STSI IS S ]
7\.:‘)tu
0 0.00L 0.0G05 0.010 0.050 0.100 0.500 1,000
PR s S S T e T S S T e ST I S e S Y R T T ST S S TS S S ST SN NS S SRS S TN Y

02 | 041923 0.1923 0.1924 0.1926 0.1936 0.,1949 0.2057 0.2191
4 | De3448 0.3449 0.3654 0.3460 0.3509 03572 J.4192 0.5247
0eb | De4412 0.4413 00,4420 0.4428 00,4493 0,4573 0.598% 0.5147
Ce8 | 0.4878 0.4879 0.4883 0.4888 00,4925 0.4964 0.5000 0.4705
1.0 | 0.5000 0.5000 0.5000 0.5000 0.4995 0.,4983 0.4714 0.%309
102 | 04918 0.%91T 0.4914 0.4909 0.4873 0.4824 0.4209 0.2975
4 | 0.4730 C.4728 0-4723 0.4716 0.4661 0,4594 0.4123 0.3594
166 | 044494 0.4492 0.44806 0.4479 0.4417 0,4343 0.3865 0.3453
268 1 044245 0.4244 00,4237 0.4229 0.4167 0.4794 0.3633 0.324%
3 Z.g 0.4000 0.3998 0.3992 0:3985 0.3926 0.3857 0.3425 0.3062
4
6

2a Ua3767 0.3766 0.3760 003753 0.3699 0,3636 0.3237 0.2900
2. 03550 Co3547 03544 0.3538 0.3489 03432 0.3068 0.2755
2. 03351 0.334% 0.3345 0.3339 00,3296 C.3245 0.2914 0.2625
2N 023157 0.3166 0.3163 043158 043119 0.3074 J.2775 0.2507
3. 0.3000 0.2999 0.2996 0.2991 0.2958 0.2917 0.2647 0.2399
3. 0.2847 0.2846 0.2843 0.2839 0.2810 0.2774 0.2529 0.2300
3. N,2707 C.2706 0.2704% 0.2700 0.2674 D.2642 0.2421 0.2209

8

0

2

4

61 0.257T9 0.2578 0.25706 0.2573 0.2550 0.2522 0.2322 0.2125
8 | 0.2461 0.2461 0.2459 042456 02435 0.2413 J.2229 0.2048
0] 0.2353 0.2352 0.2351 0.2348 0.2330 0,2308 0.2143 0.1975
2| 042253 042253 0 2251 0.2249 042233 0.2213 0.2064& 0.1908
4] 0.2161 0.2161 0.2159 0.2157 0.2143 0.2125 0.1989 0.184%
o6 | 0.2076 0.2075 0.2074 0.2073 0.2050 0.2043 0.1920 0.1785
81 0.1997 0.1996 0.1995 0.1994 0.1982 0.1967 3.1855 0.1729
9101923 0.1923 0.1922 0. 1920 0.1910 0.1897 00,1794 0.1577
2| 0.1854 00,1854 0.1853 0.1852 0.1843 G.1631 0.1736 0.1628
4 10,1790 0.1790 0.1789 0.1788 0.1780 0.1769 0.1682 0.1581
6 | 0.,1731 0.1730 0.1730 0.1729 0.1721 0.1711 0.1631 0.1537
8 | CoelbT4 0.1674 0.1673 2.1673 0.1665 D.15656 J.1583 0.1495
0] 0.1622 G.1621 0.1621 0.1620 0.1613 0.1605 0.1537 0.1455
2 ] 01572 0.1572 0.1571 G.1571 0.156% 0.1557 0.149% 0.1417
4 | 0.1525 0.1525 0.1525 0.152% 0.1518 0.1511 0.1454 0.1381
6.8 | 01439 0.1439 0.1439 0.1438 0.1434 0.1425 0.1378 0.1314
7.0 | 0.1400 0.1400 0.1359 0.1399 0.1395 0.1389 0.1343 0.1283
T7e2 | 0.13563 0.1363 0.1362 D.1362 0.1358 0.1353 0.1305% 0.1253
7.4 | 01327 0.1327 0.1327 0.1326 0.1323 G.1318 0.1278 0.1225
7.6 | 01293 0.1293 $8.1293 0.1293 0,1289 0.1285 0.1247 0.1197
7e8 | 0. 1261 06,1261 0.1261 C.1261 00,1257 0.1253 J.1218 0.1171
8.0 | 0.1231 0.1231 0.1230 0.1230 0.1227 0.1223 D.119C O.1ll40
8.2 1 0.1202 0.1202 0.1201 0.120%1 0.1198 0.1195 0.1164 0.1122
8.4 ! 01174 0.1174 D.1174 O.1172 0.1171 0.1167 0.1138 0.1399
8.6 | 01147 0.1147 0.1147 0.1147 O.liee 0.1141 0.1114 0.1076
8.8 | 0.1122 0,1122 0.1122 G.1121 0.1119 2.1116 0.1091 0.1355
9.0 | 0.1098 0.1098 0.1097 0.1097 0.1055 0.1092 D.1008 0.1334
9.2 | 0.1074 0.1074 0.1074 0.1074 0.1972 0.1069 0.1047 0.1015
9.4 | 0.1052 0.1952 0.1052 0.1051 0.1050 0.1047 2.1026 0.0995
9.6 | 0.1030 0.1030 0.1G30 0.1030 0.1028 2.1026 0.1006 0, 0977
6.8 01910 0.1010 G.1010 0.1009 ©.1008 0.1006 2.0987 5.0959
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Newton-Raphson method [16] to fin? &he roots €, 2& ¢, andcanie

used to calculaie 3, and €, Zfor inter=ediate values of § a8 33X _.
not provided by the tables, It is entaved by mearns of the fortren {RI

statement, see Appendix VIZI., TFor the fluig

Azplitude Attenvation = 5. = erp{-:!zi =3
and
Phase shift = y_= ezz 38}
When 1 =0
1 < . _ ¥
b N 2 W 5T 3
1+3% l+g

Soclution For wWell Iongitudirul Conductionm Infinies

As the wall longitudinal conduclion paraceter 3 becooes vexF
large (A--=), the tewperature T_ of the wail hecomes cniy 2 fmactd:
of tire . The tesp-atire Tf of the Fiioid, remains a frmotion of 3ot
tice 8 and distance x. Then Zgs. ¥=35) and (-9} .o

&
» I
SR(TET) + (pet), 55 = ¥-33)
3T
i‘Cp —a-;- + ai'i‘f"}g} =0 {32}

The conservation of energy applied to the soiid wall ssgment of wxit
depth normal *c Pig. V-1, can be statel by the foliowing esmtiss:

L a8
= [ aonpas nigeny, = = © e 35
J e -

The conservation of energy applied to the £inid systex Ia Fig, F1 o=

be stated:
L ¥ A
- & = 5% -_— T - >3
g [———‘5:%%: fﬁf.?e’a-b 3%
- A ax
(] o




Introducing some of the nomenclatura of Egs. (V-12), Egs. (V-23) and
{V-34) become:

N *
L e , 4T
- /'I‘ Az + T +-——3 =0 (V-35)
N £ W 4ae
tu J
o
N, N
u * tu
1 oTf *
= f < az + --—-Nl f 'r; dz - T, =0 (V-36)
tu tu
o o
The solutions are
* '3 A %
* /8 4 8
T, = exp|~-¢ Z) sin(-—) + —— CcOs (—) {(v~37)
£ ( 3 ¥ N, ¥
* N *
* 1 { ( 1l )[ ) ) tu 8
T =as—{[le~— exp(-e N -1 sin—)+ € <1+—-)cos(—)
w Ntu €, 3 tu ] (ﬁ 4 2 ¥
(V-38)
where
N
€y = N {(v=39)
tu
¢+ 1+ -5
N,
‘ 1+ -;3 l
exp l"Ntu Nt s- 1
¥+ 1+ —:—u
€~ N, (v-40)
u
L5

The ghasze ghift of the fluid for ) = o at x* = 1 4is presented in
Figs. V-2 through v~5, The amplitude attenuation of the f£luid for
A= at x* = 1 4is presented in Figs. v=-6 through V-9,

Figs. VH}O, v-11, and V=12 show what is happening to both the fluid
temperafure T;, and the wall temperature T;, as functions of time %%q
space x , ang w2ll longitudinal conduction ). Fig. V-1C shows the time-
varying temperatures at the heat exchanger matrix exit (x* = 1). The

88




io "IIWO
¥
‘awrty, 3@ STXY Teurpnitbuot
XTI3eW 3S9 syl buoly oTrIoxAd
, asxzexadus] oyl 3o oardues T1-A 8znbra

"T = ¢ X 'TRI XTAJN
3891 93 3v saamjexedwal
Suriaes-swty ay3z Jo ofdues OT-A 9anbYJ

(*groNuz) » 740

9 ¢ L4

£

e

T Y Y Y

T

S Y

7% aX
0) ) 90 0 20
LS 1] L T 1 LS L) ¥ T

" guYI0 200

. 22910 OLZ00

L

i

gl

$0-

89

»0

oY iy
€0% €L20 M0 2100 |
Z9% SBE0 2O L0 O 490
¥ e B 5 "y -
19K -180
..\& [} e 32 -
ol 3 3 L 1 F IR ] ] A L. 1




M mea v mm ekt

Q081
007}
0.06 |- *

0.05 -

004 f=-Ff~ — —===~c-mmm

Q02

1

9.0])

L 1 L L i L | i 1 I i H

3 4 S5
6%y (=2m0/6,)

Figure Vv-12 Saxgple ::f the Time varying Temperature Difference
(TE - T,) at the test matrix exit, x* = 1. (T'-»
plot is phase-shifted in time to appear as a
sinusoidal curve beginning at zero.)
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H

changes in amplitude attenuation and phase shift due to longitudinal
conduction effects can be seen. Fig. V-1l shows the wall and fluigd
temperatures along the longitudinal axls of the core at time 9* = 0,
Again the effects of longitudinal conduction can be seen, however in this
case the amplitude attenuation change and the phase shift change cannot
be read Jirectly. Fig. V-12 shows the temperature difference between
the fluid and the wall for the (A = 0) case. The difference is a direct
measure of heat flux to and from the wall. Because it is small and
creates an illusion, it is difficult to read this difference from the

A = 0 curve in FPig. Vv-10. A dotted line representing the nonstant heat
flux boundary condition is superimposed on the figure. It shows that
the periodic technique tends toward the constant heat flux boundary
condition. Results of testing are therefore not expected to agree f£fully
with theoretical predictions using the constant heat flux boundary con-
dition.
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APPENDIX VI

ERROR ANALYSIS FOR THE PERIODIC TECHNIQUE

The periodic transient technique requires acrurate measurement of
temperature variation upstream and Gownstrsam of the core. Matrix physi-
cal properties such as density Pyt specific heat C and thermal
conductivity kw must also be known., The objective of this appendix
is to show how uncertainties in the temperature measurements and in the
core physical properties may affect the heat transfer test results (the
j_‘NR curves).

Fluid Temperature Measurement, Sinusoidal Case

The solution for the fluid temperature when wall longitudinal con-~
*
duction is zero (A = 0) is given by Eq. (V-18). At x = 1 this equa-

tion becomes

-N *
* tu 8 ¥
T = exp( ) sin (.._ - —— N )} (vi-1}
£ 1+ *z % ¥o1442 @

’

Amplitude Attenuation Method - The ampiitude attenuation method compares
the amplitude of the temperature wave downstream of the test core with
*
the input wave upstream of the core. At x = 1 the amplitude attenua-
tion from Eq. (Vi-1l) is
-N

D, = exp (1 - :‘21 ) {(IV-2)

Experimentally this is arrived at by recording tiie upstream and down-
stream temperature waves and selecting the maximum and minimum values on
the waves. If the outlet amplitude, called Amfz, has an erxror, the
following result is cbtained from Eq. (VI-2):

or =N, |
A': 2. exp(—t—:) (vi-3)
o 1+ ¥




IO HINIE Metenss teex s ¢ v

and

a/h Neu w2y
anw__jhw . o S*P 2 2 V-4
£2’7o 1+ ¥ Ntu(* -1)

Note the singularity in Eq. (VI-4), for § = 1 the amplification factor

goes to o,

Phase Shift Methcd - The phase shift method compares the phase of the

temperature wave downgstream of the test core with the input wave upstream
*

of the core., At x = 1, the phase shift from Eq. (VI-1) is

¥

——s N (VI-5)
1+ ¥

Ve tu

Experimentally the phase shift is arrived at by determining what portion
of the input wave length (considered as 21 radians) has been shifted by

passage of the fluid through the test core. If the outlet temperature,

called T., has an error, the Sollowing result is obtained from z2g.

£2
(VI-1):

el v pon s o

£2 m _ 8 ¥ ! -6
_Df {sin\* 1+é2 Ntu)? (VIi-6)

W KAy e

Noting that the phase shift is measured at

*

¥ 1442
it follows *hat
2 2
dh 1 f +1
aT ;21 = D, [-;. N )v;} (VI-8)
£2 £ tu

For a given Nt

(VI~4) and (vI-8) for variosus values of §. The best experimental value
of ¥ (with least resulting uncertainty) and the best method (amplitude 3

o OFe mey evaluate the right-hand sides of Egs.
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attenuation or phase shift) may be selected and used in testing. Fig,
7.3 is an operationaily convenient plot showing the values of § and
the method to use for velues of 0.2 < Ntu < 50, This figure is a plot
of § versus Ntu and the best test methed that will yield the minimum
uncertainty for the heat trans.er coefficient is noted on the graph.
The magnitude of this uncertainty is about Z percent on h for a

d'rfz/A'ro magnitude of 1 percent.

Test Cocre rhysical Properties

The periodic transient technique requires that the matrix physical
properties such as density Pyt specific heat C s and thermal conduc-
tivity kw be known. Tha technique calculates the parameter ¢ £from

experimentally obtained D_ and Yer using Egs. (VII-17) and (VII-18).

£

Density of the Core Solid Material - The laboratory technique used for
calculating the core porosity p is to measure the core mass ¥, the

frontal areu A the flow length 1, and use the following Eq.

3 o
(vI-9):
A
< M
PSS o= 1l - (VI-9)
Afr Afr:I'pw

The sensitivity of the N_, to uncertainty in P, may be found using

st
A
A h _ ¢ * -
Ve =G~ ® Yo (VI-10}
P
where
A
c P
— — -11
Fy o (VI-11)
For the revised Bayley Model [35]
A r
£ - AE VI-12)
a " ML
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where T 1is a constant based on observed or measured cell chavacteris-
tics suck as cell count or cell shape. Combining Egs. (VI-9), (VI-10),
and {VI-12) *nd differentiatirg yields

bl {T¥13)

The sensitivity cf NR to uncertaintisc in p,, ©aY be fourd using

i 8 T a1 X Iv-14
Coxbining Bqs. (Vi-12) and (VI~-14) and differentiating yields
T _—p-p P (1v-15)
NR 2p 'D'H

For the case of fuily developed laminar flow iv. tubes, with the
constant heat flux or constant wall temperature boundary condition, and
a fixed geometry, the Nusselt number is constant and

k4
- A r}x = 34
"(Nu = g = NStNR “pr {Iv-16)

The relaticnship between j and NR has the form

{(VI-17)

[N
"

o0

where E depends on the cross section geometry and the boundaxy

conédition, and

4.
2=
3

dE
= - {VI~18)

-d
by lw%
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Co=bining Egqs. (VI-13), (VI-15), and {VvI-18) produces
dE
_E- =0 {Vi-19)

This means the j-—HR characteristic is rot sensitive to uncertainties

in p even though j and NR if considered individually are.

Specific Heat of the Core Solid Material - The core specific heat c,
will affect only the heat fransfer results, j, of the pericdic tech-
nicue, ZFlow friction results znd Reynolds nucber are not affected.
Differentiating Eq. (VI-10) yields

*
st _&f + S (VI-20)

Prom the definition of w (& 28 /S0

d; dcw
= = -—c—- (VI"Zl)
0] -

For the amplitude attenuaticn method, the equation used for
coemputing § is Eq. (VII-17). Using Eq. (VII-17) in Bq. (VI-20} yields:

2 L-172
-
‘mst/NSt=l+l+¢2 :1"'*“[(1*.12)-1} (VI-22)
dcw/cw 2$2 4*3 2%

(The plus sign is used for ¢ > 1, thc minus sign for ¥ < 1.j
For the phase shi.ft method, ¢ is computed using Eq. (VII-i8).
Combining Eq. (VII-18) and Eq. (VI-20) produces:

c‘mSt/NSt . 1 1
v % 1+4%
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The sensitivities in Eqs. (VI-22) and (vI-23) are plotted in Fig. vI-1
for 0 < ¥ <10, X = 0, and no temperature measurement error.
For the maximum slope methcd [i2] with A =0

dNSt/NSt

-_:3-;;/—0:-::: 2.2

for the range Ntu > 10,

Th.ermal Conductivity of the Core Solid Material - The solid wall thermal
condictivity affects only tha heat transfer results, through the wall
longitudinal conéuction parameter ). For the periodic technique, this
affect must be taken into consideration if )‘Ntu> .01 (ror

kutu= 0.0}, the influence on amplitude attenuation and phase shift is
less than 1 percent). Generally the magnitude of the wall longitudinal
conduction effect on heat transfer resuits is less than 10 percent.
Therefore an uncertainty in solid thermal coaductivity kw of 10 percent,
hence in ) also, would produce only about a 1 percent uncertainty in
heat transfer results.

Consider for example the actual test point for Coxe 510 which haéd
the largest )‘Ntu;' 0.091. If the effect of longitudinal conduction was
completely ignored, the heat transfer result would be €.9 percent in
error. vunder the sams test conditions, the maximum slope method would
have been 7.1 percent in error if the longitudinal conduction eifect was
completely ignored. Therefore the periodic technique is about as sensi-
tive as the maximum slope single-blow techniqu *o wall longiladinal

conduction effects.
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APIERDIX VI

DATA REDUOTICN

Single-Blow Technique

The computer vrograxs used is as descrihed by wheeler in {31, hysi-
cal properties, suc* as specific heat, thermal coxanctivity, and Sensity

of the cove sclid material were taken fro= [13] arnd are {for room

terperature canditions)

141 Limy/stS

P, =
&, = 0.200 Btu/{it= °F)
X = 9.42 stu/(hr £t °F)

The physical properties of air used in the data redocticn program arxe
from Bureau of Standards Scurces [10] and the humidity corresticnc ars
made in accordance with the method described by Shan {37i.

The maxirum slope method is vsed in this progra:. In mondinencirmal

form the maximu=m slope is

Esxs-see
mslcpe=35=ccx{m}

DTAU is the time {sec.) regquired for the rondSimensional texperaiure o
change its full value, 1.0, al the maximzs rate of change. The Zverlse
of four runs at & single flow rate o step-up and tao step-Go™d 3s
used. The longitudinal condaction paraseter 1 is alss regnired to
establish R & grzghical and tabular presentatisn of ¥ as2 f=xiian
of Max. Slope and ) 4is given by {12]. 7she ccamrutar procrax Imrorporites
this in the form cf a “look=up™ tadie.

¥ozenclature for the compsted Sata is Jresentesf in Tadble vIz-l.
Single-blow heat transfor test result listings are provided for cores

505a, 5058, S05C, and 515 in Table ¥II-Z2 for both the 2isS:E and o=

unaided cases. The flow friction resulis are wirtrally idectica Sor

8




the aided and unaided cases. Flow friction results for core S05A may
be found in [15]. Flow friction results for core 510 are included with
the perindic resulus. in this appendix.

Table VII-1l

NOMENCIATURE FOR SINGLE-BIOW HEAT TRANSFER RESULTS

W Flowrate, lbm/hr

G Mass Velocity, lbm/(hr ftz)

TBA §verage core inlet temperature, °F

DT’y The time required for the nondimensional

temperature to change its full value, 1.0,

at the maximum rate of change, sec

LAMBDA A, heat transfer longitudinal conduction

parameter, dimensionless

MAX SILOPE Maximum slope, dimensiocnless

NTU Ntu' dimensionless

NS, Nst’ Stanton Number, dimensionless

J Colburn j factor N_. N 2/3, dimensionless
St Pr

NR Reynolds Number

100




Table VII-2

s o

SIRCLE=FLOa YEALSIIN® #FST Oy7a

HEAT TOALSIFR KESHLTS

CORE 3084  AlceoD

HYCRAULIC OI4 = 0.002472 F1  FRCNTAL AREA ~  10.949 SQI% FLCH LINGTH = 2,998 1IN
ALPHA

PCROSITY . 0.1 € 1285,0 SQFT/LFY
CCRE RASS s 0.534 LB* CCRE SP HI = C.200 BTU/LS~F
SUKE CONG . 0.42 BIN/ER-FI-F TCND AQEA - 2418 5QIN
KN " 4 182 oTAu LAMEDS  MAX SLCPE  NTU ns7 ) L
LB/HR  LE/HR<SCFT  CEG.F SEC
N 2 17129, 9.7 13,90 6.CC1c 1.175 G.0414 0.032¢ $l.4
4 2265, L] P ile54 C.Ccoe 1.04C 0.0318 0.0253 123.0
. ¢ 2700, [N 10.32 0.00C¢ C.951 0.0261 0.0208 130,98
K ] 3458, 50,0 9.0¢ 0,0L0% C.820 0.0214 0.0170 188.4
14 4271, 9.6 8,04 Q.04 0.794% 7.08 0.0174 0.013¢ 233,2
12 3413, 29,0 7.01 [l O.719 5.57 0.01138 0.01190 295.8
té £870. [1 N s.10 [N [ 331 4.38 0.8107 0.0088 378.8
1¢ 4375, 9.6 S.48 G.C 2 0,39 3.3 Q.0082 - 457,64
CCHE 5054 %O A{0EC
4 WICRAULIC O1& o T.502572 FY  FACKTAL AREA » 20,349 SOIN FLOM LENGTH « 2,998 IN
#CROSITY = 0194 ALPHA s 1285.C SQFT/CEY
CCRE mass . 0,534 L8N CORE SD MY 0,200 STU/LB-F
CCAE CCnG - Cot2 BIUIPR-FI-F CONG ARta . 2.1¢ oI
4
auN - ¢ 184 Ctay LeMBCH  HAX SLEPE NIV NST 3 "
LE/ME LB/HR-SOFT  CéG.F ser
t ict.0 1732, 2.1 13.94 C.CCIC 1.129 15.37 0.0380 0.0303 4.3
3 132.4 2213, ai®.e 11.78 c.ccor 1319 12.28 0.0304 0.0242 123.7
3 182.1 2761, 2.9 10.52 Q.CC0¢ €.932 10.11 0.0250 0,019 155.3
? 2023 Wi, 8.5 9.26 0.Ca0% C.349 8,20 C.0203 0.0161 18%.¢
9 249,1 2215, " .10 €.CC0s v.l28 6.92 3.01T 0:0136 233.9
t! 315.5 S4id. 87.9 Teld ¢.cCc0? C.706 5.32 c.0132 0.010% 94.3
3] 40142 6088 8.2 6.13 9.0¢03 G446 4,28 ©.0108 €.0084 %2
15 488.0 #3715, (18] 5.4% c.e6c2 C.898 3039 0.0084 Ga36e7 «58.3
CORE 3058 AICEC .
RYCRAULIC LA = C.007472 FT FLONTAL SREA o 10,621 3GIN FLOW LENGIN =  1.086 IN
oLRCSETY . 0,194 ALPIHA = 1282.0 SCFE/CF1
COAE #ASS = C.354 AP CCRE SP MY e C.2C0 BTU/LE-F
| CCRE CONE - .42 STUSPR-FYI-$ CORD AREA -~ 2.19 01n
an » 3 tea STau LAMRCS  MAX HLCPE  wtU nsT 3 ]
LO/PX LB/MA-SOFT  CEC.F Stc
2 9.0 1691, L P 11.16 0.CC1¢ Co854 0,03%9 G.0317 2.1
. 129.5 2212. St.e 9,40 €.c042 Ce847 0.030% 0.0245 120.4
[ Wil 2154, 82,2 .42 90,6416 Cal26 ©.0243  0.0198 149.9 B
. 2.4 3322, 9.2 7.49 0.c008 €. 162 .01 0.0156 126.0 -
114 243.0 418y, $3.1 4o02 [-N-11-14 C.e30 C.0161 0.012¢ 22%.4 .
12 114.0 5368, 2.t s.70 0.C¢08 c.549 0.0121 0,009 291.¢ -

CCRE 3058 %O 3ICEC

Vrae

ATCRAULIC LEL o C.G02672 £T  FRCNTAL AREA > 10,421 SOTh FLCh LEAGTH =  1.986 IR
acaCSITY = d.7ee TN . 1285.C SOFTCFI H
CCRE Pass * 0,354 L&Y CORE SP MT v 0,200 ETUFLE-F
CCRE Cinn o Caai atUrrR-FI-F CONG AREA « .19 SCIn
L ¥ 4 tea cTau LemaCs  PAX SLCHE  wTU nst 3 - £
LO/%k  LPsHR-SCFT  CEC.F sl :
1 39,1 §h, 2.1 1.8 9,060 C.c28 10,04  0.037%  C.02%¢ 3.0 2
3 129.3 21v. Cae 9.9 C.612 c.020 T.5¢ 00283 0,322 220.9
s ey 2155, 9l .61 O cele L. 139 .23 0.0236 .01 150.1
T 260.9 3ezs, o, 7.4t GoLod) €.702 $.28  C.0394  S.018A 188.%
3 FIre ala2, 91.¢e [T X2y Cotas 4,28  G.0H4C  0.8157 .
1 yis.9 $3eG. LT .77 o.cco0s c.95¢ 3.¢5  Q.0lie  0.co8t 292.1 )
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Table VII-2 ccattd,
CPfLe~sgx "4ArSLEnT TReV "Ava
ST TRANSETD BroggTs
CORE SOSC  AlCED
HYCRAULIC O14 & 0.COIVI2 FY $ACHTSL ARCA = 104232 SCIN FLCw LENGIR o 0,998 IN
PCACS LY L. 194 ALona = LI83.0 SCFIICFT
SORE mags . D71 LER  CORE SP MY - €e2C0 BIUILR-F
tORE CCaD L 0y42 BTUILR-FS-F COND AREA - 2.10 301K
nUN L] [ AL L) OTay LAKBDA  mAx $1CPE  NTU L33 J L]
LB/MR  LR/WR=SCFT  CeC.F p114
? 5.8 1154, 8.1 te2e €.2031L 0.709 3.3% 0.03%¢ 0.0317 %.0
4 1340 2Mt. 8.} 6.01 €.0C23 Ce82) S 01 0.0293% 0.0238 130.2
L] 16942 293, [ 5.31 G.C01e f.982 3.08 0.022¢ Q0142 160.4
] 199.3 3542, 4.68 0.¢03% 2,547 . 1e8.3
CHE  305C  aCr &106L
AYCRAULIC 1A = €,002472 FT FRONTAL AREA = 10,212 SCIN FLCE LENCTN < 0.79 In
PCRCSITY . 0,784 SLPHA = 12085.C SQfTsCrt
CORE waSS * 04Tt L&S  CORE $P WY *  0.200 BIU/LE-F
CCRE CCuD L Cab2 STUIrR=Flag CCx0 AREA - 210 S0
XuN » < iea (4 F11) LARECS  MAX SACHE NIV L334 4 hR
LEIHE  LB/HRSOFY [EG.F k124
t 1€0.0 1778, s Te3a 0.€C31 o451 $.10 0.031% ©€.0302 ”n.3
3 124.3 2385, 2.2 bal) 0,002y G672 3.80 243 022 139.7
$ 163.3 2935, tt.n $.a8 0.C010 180.8
H 1997 3562, a0y 4.7t c.001% o4t
4
CORE NTL €1 A1C (AIREAY  tAYE vauss, LR LI T 1 DATA YAXEY 37 ks
SYDRAZLIC CIA © ~,0030%2 FY  shanggty o 2, 7149 EPONTAL 29€a e 10,58 SQIN  #f « f.08
FLOW LFNGTH e 2. vve tpge At * JAIL.C SQRTICIT  FREE-F 1N, APED o T.621 SQIN K sel,th
CCRE wpeg ® NahSAL taw CNPF 3P wt 2 5,203 STU/L pes Coun aocy 2,945 SJIn
CoaF CLn » TeA2 RIYSHIPuEY e
sym ¥ % 174 e ravene VAL SLOAE Ky L334 E] hed
LM/ee  (Rpatner ppgor SEC
1 Tl $ey, a2, 24 4,120 Csfr16 todlt 21,27 ~,0lec2 G.033e? 2.5
. » 13t.2 e, 73450 12,234 .00 talny 1737 Q0% g,02872 “oa
A ree, %, 3% I k2 0 t.0a9r 14,43 NAMR2  0,02838 14,9
7 It 24, .67¢C 0,078 t992? 11.88  2,0%07  g,017%s YAt o
2 &aie, S04 L - o FOCA 3904 q.4) Coayvey Q. 01393 194,45
1 A%E 3, ol,.81 3,080 T. 0008 F.A1s Tt 0. 017y S40112%
13 AT Lol 78 hova 0. 00C4 22731 “aR0 0,004 0,00a4R
14 T L, 1,28 Suan J. 001 DnTe by T 0. 04ap>  9,00702
5 17 (38284 a2, 00,24 S.1%0 £.008Y D.610 3,02 -l ) 0.00542
026 ©3 Leas 013 Oimgingn) nata YO MN 18 Ty 0278 Yarex sy g
TIDEAAIE DIA e O.%a15% Bv stacerir e 4, my FOONTAL SN w P AS SGIN €€ - 1.0
Fiow L8uGrie o 7,0% tugn Usna + INALLO RUFT/CET  refEer n, apEy o T.421 SOIN  x§ ee(.84
Conf mage L at.e gaw CT¥ 3 1Y 2 AL 200 AV rus LNy aexy . 2.%5 3
e covg . [N P ] Py
X - . he 2 ntasy [ R T2 8 MAY §tilee ooy L 144 2 -
L3/rE tapdotuc  rens sre
? 2e,48 132, 14,980 Q.01 a1 Flate ARy, J.0018 2.0
& 3, 28, 32,859 fg,n N3V Q02413 ar, 2
[ 1€, 3 Yhae, 11,630 13,34 G.C23¢ 1185
» 01,0 raga, %, %4 13,1 Slatd 1e%,2
1 Ica. -5, S50 *, 72 0.€233% ioa,s
14 L] “ley, . Tw .2 08334 7780
1é 3610 Yhan, A %ka ot Seucesi Pt T
153 -ty detr, *.0vr 3. s, T3R8 [T
I IS 798N LFLITY .36y &, fany LY AN [ 8. VY DO0Ll Len, 8
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DATA REDUCTION - cont'd

Periodic Technique - Heat Transfer Calculations

The measured inlet and outlet temperature variaticns (x* = 0 and 1)
of the fluid are processed using Egs. (V-29) and (V=-30)

Dy = exp(-e;N, ) (V-29)

Ve = €N {v-30)

to detexrmine the heat transfer performance. The terms € and €2

listed in Tables V-1 3 1 V-2 as functions of ¥ and thu'

are

Since the iniet and outlet temperature waves are not in general pure
sine waves, the analysis of Appendix V is modified using Fourier Series
tc account for this. If only the first harmonic is considered, a general

periodic temperature variation at the test core inlet can be represented

by:
B 2n 2n
2.(0,8) = -+ A sin=— g + B cos— (Vi1-1)
£ 2 8 8
o o
where
eo
2 . 2n
A=— T .{(0,8) sin—g de (VII-2)
eo £ eo
8
2 e 2n
B =-— T_(0,8) cos—@g dg {VII-~3)
90 J £ 90
‘o
Bo 1 ’neo
T e e . -}
Trn 3 ) J Tf(o,e) dag {VII-4)
° (e}
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The measured periodic response of the filuid (x = 1) can be rcpresented

in like manner by:

. b
Tix = ,8) =— + a sinﬂa +b cos-%n—e (VII-5)
£ 2 90 8
o
where
eo
2 * .2
a =g [ Tf(x =1,9) s:.ne—‘e dg (VII-6)
o o
o
eo
2 *
b =.§— [ Tf(x =1,8) cos-g—n—o dg (VII-7)
o L o
= Yo
_ -9. _ -1_~ ﬁ_
Tm_ 3 = eo j Tf(x =1,0) 48 (VII-8)
o

Egqs. (VII-4) and (VII-8) serxve as an experimental check on the adiabatic
behavior of the test section from x* =0 ¢to x* = 1,

The above analysis is similar to that in [4] where the higher
harmonics vere also considered, However, the higher harmonics have no
value in the heat transfer calculations, so they are deleted from this
analysis.

The Fourier Coefficients in Egs. (VII-2), (VII-& , (VII-6), and
(ViI-7) can be numerically determined using the Trapezoidal Rule. The
temperatures, Tf(o,e) and Tf(x* = 1,8), must be known simultaneousiy
as functions of time for at least one period eo; this may be done
graphically. Each pericd 90 of these two wave functions is divided
into (K~-1) equal intervals with K data points. The first data point
is considered as at e/eo = 0 and the last as at e/sD = 1. However
the first point may occur at any point in real time on the wave function
records, keeping it simultaneous for both the upstream and downstream
records. The two temperature wave records are used in Egs. (VII-2),
(vII-3), (VII-€), and {ViI-7) to cbtain the Fourier Coefficients. This
is done numericaliy using the following approximation (Trapezoidal Rule)

with B as an example;
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e *
T (0,9) ~ Tf(o,;(i_’—l-(i-l)) 4 Te (X = 0) i=1,2,0..,K
(VII-9)
I U o
X-1LZ ¥t e T ¥t (VIz-10)
where
=T CcoSs 2{[(&‘.‘ 10+ 3, 4 b (VIX-33}
yi = £i K—l)J fp sp e it LR B R

oOther Fourier Coefficients (A, a, and b) can be calculated in iike
manner by using the appropriate temperature record in Eq. (VII-9) and
the associated ¢rig function in Eq. (VII-11).

The number of data points, K,

the results included in this appendix on Core 510.

typicaily rangec from 30 to 50 for
This makes the
Trapezoldal Rule reasonably accurate., The number X can be either even
or odd.

The temperature records were obtained with one Honeywell Electronik
19 Single-Channel Lab Recorder. To obtain the upstream and downstream
temperature records, the recorder was connected to the upstream thexrmo-
couples for at least one period eo and then guickly switched to the
downstream set for at least one period. Using the switching timg =2s the
starting point for the downstream record and then "backtracking® one
period for the upstream starting point, twe simultaneous wave traces
were obtained.

The Fourier Ccefficients are used to determine the experimental

amplitude attennation and phase shift as follows [4]:

E) 2
. . Ja  + b .
Amplitude Attenuvatioa = Df wor = T {ViI-12)
» SXE AZ = B2
2_a
-if b B
Phase Shift = = tan \ {(¥II-13)
Ye, expr <ue§,'
" b3




- ——

These relationships are combined with Egs. (V-29) and (v-30) to obtain

\ Jaz + b2

exp(-€,N, } = 5 = (VZI-14)
A+ B
2.2

- -1{b 3 =

el = tan <1+ap‘ > (VII-15)
bB

1 2
¢
: T *
K =g =28 4y (VII-16)
tu £ ao

the above eguations cannot be sclved explisitly. For the case where
A = 0, using the amplitude attenuation obtained experimentally and
€ = /(1 + 32), Eq. (VII-14) can be solved for ¢:

(VII-17)

m("f,l expr) - ll‘m{Df. ;pr I

{The plus sign is used for ¥ » 1, the minus sign for ¥ < 1.} Uzing
the phase shift cbtained experimentally and e, = y/(1 % ?2). Eq.
{V1I~15) can be solved for j:

{VII-18)

A heat transfer perfcrmance parawseter, “etu' can now be calculated using

Eq. (VII~-1B)

N =ie (VII-16)

{ 1/2 -
v o= u)*/2 + ;{ m*/:l 1 l

lmwu




These values for ¥ and Ntu are only fully applicable if k“tu = G.

However, they are the initial values to use when entering Tables V-1 and
V-2 to obtain approximate values for € and €, The experimental
amplitude attenuation D{_.' expr and phase shift \73 expr Can now be

modified as follows to obtain correctead values that are closer to D

£
anc Yf for ANtu = 0:
ADf
D =D ——+ 1 (VII~19)
£, mod £, expr [Df' expr ]
where
A - T
ADf = Df;l=0 Df' evpr (VIiI-~20)
and
exp( “New )
ADf 1 + ?2 \
5 =3 en 3 - 1 {VII-21}
£, expr *P €1%u
FARY £
Y =y .~ [ + k] {(VII-22)
£, mod £, expr ‘-’f, expr
where
& - I-23)
A'Yf - Yf,l:() Ye, expr (VII-23)
and
¥
Ay . 22
£ 1+ ¥ -1 {VII-24}
Yf, expr €2
The Df' 3 and Yf,moé can now be used in Egs. {VII-17) ané {(¥vIi-18)
to obtain new approxirmations for ¥ and hence B ., The whole procedure
can be carried through as often as needed to obtain the desired accuracy.
3 i I Y . For
Df,a a angd Yf' converge rapidly to Df.lﬁ 2 and £,3=0 3

exa=ple, in the calculations for Core 510, oniy two iteration cycles

wexe used at most by the cooputer program; the ¢hird iteration cycle

- ey - V4 —~— A 3
produced a change in D of less than 0.1 percent of D:_’ expz- THe total
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change was 6,4 pexcent of p. s
I, expr

a high-speed digital computer,

Other heat transfer parameters can now be calculated using:

Vew = Vo0
8
- 1
RCw = > ';?- {(VII-25)
A
ah _ _c. *
Nse T gz A Yo
p
A , 2/3
3= N N

The total suriice area A used in the calculation of I"St and £,
requires that the passage geomatry be kriown. A model is used for the
Purpose of calculating o  From more readily measurable quantitios
including pPorosity p, cell count N cells/inz, and the celi height
to width ratio d‘. The model used for Core 519, Table VIi~5, is the

"Revised Triangular Bayley" model [15].

/*2 s
fewy d“+1 ;3

@<= 2Jpx = (vIi-26)
¥ iar
v
Thz total area Say be calculateg using
A=qgla {VIZ-27)

fr

The hydraulic radius, useg in }:R, is defised as [14)

& 2]
r =r-S=E {VIz-23}
kR h o

x03

2is is s process ideally suited to




Friction Factor Calculations

The relation used for the calculation of the friction factor is
from {14]:

f =

Acv1 [&P x 29

v v
cz ~'--(K(:-}fl-pz)-2'/-"—2-—1)-5» (l-pz- )-—2-}
a2y v, e/ V]

|
P

Av
m
(VII-29)

*
where the subscript 1 indicates x = 0 and 2 indicates x* = 1 and
v_= (v, ¥ v )}/2 (VII-30)

The temperature used in the calculation of v_  is the tine-mean tempera-

<3

*
ture of the fiuid leaving the heat exchanger, Tm(x = 1).

Periodic Technique-Computer Program for Data Reduction

e data reduction program used in the periodic technique *o cal~
culzte the heat transfer and flow friction characteristics is described
in this section. The program is written in the Fortran IV language and
was used on an IB¥ 369,67 computer. It is baced on [4] but has been
extensively refined. The program has been successfully used for a test

range of 0.4 <% u < 36.6. 1t is designed to be used where cns temyera—

t
ture record is taken upstreaz of the heat exchanger test core and the
other is taken downstream of the ccre. The progran is ot senszitive to
the point in real time used as a starting peint, but the upsireaz and

downstress records must occur sizultanecusly.

Input For=ats and MNomenclabure

Input is in the fors of Jats geis. & data set consists of test
-3

core parameters {Taxds i through 3) folilowed Dy individual run inforsa-

tion {Card~ 4 through 8) all using the sanme =et of cors paramsters.

Any musber of data sets may be run in series.

&
)

R L T T
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Card 1

card 2

4
Aad

Card

This card contains the overall tost igdent tification in columns
1 thzough 76. A& nonzero digit in column 80 is also requiredq.
This card serves a dual purpose. It initiates a new data set,
and it causes a summary of the previous data cet results to be

listed should one exist,

This card contains the test core parameters ang geometry infor-
mation for the series of test runs that follow. =Each antry
should contain a decimal point. The columns allotted, variable

hames, definitions, and dimensions are as follows:

Col, 1-8 AP -~ core alpha, .f.t:z/ft3
9-1€ POR ~ core porcsity
17-24 AFR - core frontal zrea, inZ
25-32 IENGTH - core flow length, in
33-40 ¥T - core weight, 1lom
41-48 SEHT - core specific heat, Btu/f{lbm °F)
49-3€ XC ~ core Kc
57-64 X - core Kc
65-72 COND - core conductivity, Btu/(hr ft °r}

This card contains the ary kulb temperature and the wet bulb
temperature for use in calculating the airstrean hunigity,

Bach entry chould contain a Gecimal point.

5-16 TWS -~ wel bulb tetperature, °F

vl

buid temperature, °F

This card contains tge individnal test run descripticn in

colvzms 1 through 76. Column 20 is ieft blank.

Col, 1-2 ¥ -~ ni=Ser of tezperattre points which are peagd
for each tecperature record in this tsst. o
right

€ecizal point is

;%
'i

'%Wlﬂmm;




9-16 RJI - reference junction level in milliwvslts o 3
copper-constantan thermocouple with an 3ce bath,

17-24 PERICD ~ the pericd 80 of the individual zest ron
sec,

Card 5

L

Col. 1-30 T(I) - ten of the upstrea= fa—perature gata points
which are read cff the upstrzas record, Es nany of
thage cards ave used as is racuired., Thres colmsss
axe allowed for each terperature readine in mizro-

volts, with no Seci=al point reguived, et eath

2
)

e

entyy pust be right justifiad in its 3 wolr=ms,

!

Caxd 7 This card is similar to Card &, excert Scunstrean Yecrcevaimre

! readings in microvolts are entered.,

Card @ This card contains fluid flow rate infor—aticn for each indi-

3

vidual test run. Dewimal points are reguired inm all extries

axcept iCRF.

Col. 1 IR - nuxber cf crifice plate used, ovifice plats

ne=her 1 is 1.301 inches in diameter anZ nimder

(1Y}

ig 2.2051 inches in dianmeter.
2-8 EEAD - crifice pressure dror, in. water
9-16 DIDF - core pressure drop, in. ¥iter
17-24 B3AR - a=bient pressure, barcoeter, in. mertuly

25-32 IC - depr:sssion of core inlet pressore below mmbisst,

N . s — e & a3 -
20 coomate more than one test ron witlh the sane oore, TaTes - IEI05ED =
-
-

are repeated as cften as reguired., If he ors Is huoged, O 2
tiromch 3 mrst again be tsed. At the end of all rmms, 2 3lask card wiTh

== = = - — = = - ~
a morzero €igit in coloom 8O is ms=S o o=TsSe 2 TTTATY T2 e faEsT TEE

set to be printed.




A Fortran Sourca Listing c* the Feriodic Transient Technique Dacta

Reduction Program is presented in Table vIi-3,

‘Additional Information on the Use of the Pericdic-Test~Technique
Data Heduction Frogran

7he prograr conslsts of three parts: the main program, the sub-
S : foutine COXVRS, ans the subrou- ine CGNINT. The Xaiun Program does the
bulk of tune caloulatiscnz sad all ¢ the input/output. Subroutine CONVRS
conwerts thermccoupie voltage to degrees Fanrenheit. Subroutine CONGCT
ga;cu.latea ;1-ana Ry xyxsinAg inputs of ¢ &nd Ww
A congtant, CHART iz iacluded in the program as & scale factor.
it ;:r:zvi,&es: flexibility =and convecience in the type of recorder used in
the the:x.ﬁeex:pie velvage input Cards €& and 7 ard the numbex of thermo-
= ~¢ouples tsed. -Ultimadtely the scale factor is tsed:
3 ‘ - N "'( = CHA
: *actual " input X CHART
) %ysi.c,:a}. propérties of the solid core material and the physical propertiez
of air used in the. serindic data reduction are identical to thoss des-

o _cribed in this appendi» under the Sincie<Blow Technique. - ’ o

. pescription of Subroutine CONDCT : -

The subroutife CONDCT, Table vII-3, calculates N and éz for- values

"of ¢ and AN, and is used in the solution for the periodic technique

AR I gy Va8 G 8 3

with finite wall longitudinal conducticn, Egs. (V-25) and (V-26). It

, s

]

is entered by means of a fortran CALL statement. A descziption of the
‘parameters in the SUSBRCUTINE statement follows:

« 1

LNTU - product )‘Ntu
P -~ nondimensional period ¥ )
for =0 or 1/(1 + $‘)

QED - € )

CET - €, for 3 =0 or /{3 + %) )
ED - €y used- in Egs. (v-25) and (V-26)
ET - ¢, used in Egs. (¥-25) and (V-26) i
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Table VII-3 opage 1 -

WYl e O B < e

<
B ¢ PTRIODIC TRANSIENT TESY TEIMRIQJE CATA IFRUCTION PEOLWAN
- - - C
- -1 REAL LENGYHyRTUNTUAIKTIXES MY JLARBDE (ANTY
: 2 DUMENSION ALPHL19) ,3ET{19)
’ 3 " DIMENS ION. BF{ 15015 AF{1502 4811121481123 ,¥N(113,T1130}
B 4 OEMENSTON AWIZ0) #{G(2CI,NRIZ0T,PEL20} ¢PSRI20),ARTAL20)02C( 200 4AST
- LR {20}« SPSSL 202, SHTAL20) o SRCF20) , SSTPRRI20) JARF{2C) LALARI20)Y
: 5- PR2G.710
: N & TCON2G &
B 7 CHART=0.5
8 nc=¢ - -
§ ] BAR=3.0 )
c -
- < READING THE TEST ZGRE PARAMETERS
- ¢
o 12 1 REAG{5249) ALPH, INACT - -
- ] 11 o9 FORMAT{19A43X,117 ) -
o - 12 IF{INRCT.EQ.0) GG YO 3
o - 13 FINCNE.OI 60 TO 48 -
: e L) BC 47 J0=ke19 - . B
Lo - 15 &7 . BETiJQI=ALPNLI0) .
Tz T 16 READE5:480,END*60) ALF JPOR JAER  LENGTHWT s SPHT 4 KCRE o COND
- - AﬂlL!:AFR’SZ.O-POR3/1~6. ’
T R 1 2 ACSFOusAFR - -
- 19 REALD! Ss*ﬁG’TDﬂ’ T‘B
) ¢ CHaNTOSPHT -
2 LTDALTEAFRILENGTH/L fis.
22 STP={AC/AT 1%PR&12.25.1/1464.
N - 23 3 KC0 )
o T 4 G0 19 1
c ASADING THE DATA FDR CACH INDIVIDYUAL TEST CASE
_ L9 -
3 ) 3 3 - READYS sg"i!!ﬂyﬁégﬁklﬂur
ST 25 NC=NC+1
>y - 27 LD IS Py
H ) 28 REAats.ssoztttzs.x 1.&:
. 29 GO TD {£1i4230L.
’ B T- % § WRITE(6 488
- N 3% i WRITEL 8,540 AL{PH
: 32 8% FORBATY {1 Xy 19AG/ )
B 32 uR2ITE( 6,431
f 34 T §0 To 26
. . - 35 &2 WRITELIN489)
4 - i 36 & CONTINUE )
: 27 WRITE{£6R23{ 39T S335d21¢N}
i 32 [-ER £ X1 -
: S - .
: & CONVERTING MILLIVOLYS TO GEGREES ¥
- <
. B 1 00 12 I=1.N
-0 E 49 TUI) =TI} *CHART+ T}
g o £3 19 C£ALL CONVRS({T{1},TCON)
: - 42 CELL CON¥RIIRJT,TCON)
42 WRITECH 482 3 TE35 o d=3 4N}
. 44 HEITE(6,699}
&5 DSIGeT L /FLOATEN-1}
46 PI=3.1415926

s s s sk ar
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H
H
H
£
H
¥
H
z
=
E
z

NP
Yehhnagy

Lt At G0ty MAG e AL

0 B o vt pbsazr RS W KH e

n

&7
48
49

51

52
53
5&
55

a7
58
5
&6
34
62
63
&4
&5

&7
48
469
7C
ks
72
73
74
75

75
L
78
1%
-80
. H
¥4
43

84
e5

86
87
28
a5
30

e KaX o

[a X a X}

39

[xX a2l

OM0

Table VII-3 pags 2

FINDING THE FOURIER COEFFICIENTS

D 21 RN=l,.12

5i56=0.0

H1=KN-1

N2=N-1

8R=2,9018S IGEFLOAT IN1}

TRAPEZOIDAL RULE INTEGRATION

AF{1)=TI1) aSIN(BR} /2,0
BF{131=T{118COS48R}/ 2.0

D0 30 J=2,.R

S1G=5154DS816

BR*2 -0SPIsSIGIFLOAT 2N}
AF{JI=T{J1eSIN{BR)
SFi3¥aTLIISCOS5{3R]}

AFIN)=AF{N} 2,

BFENI=BF{N} /2.

BIKk¥N,1L}20.0

A(NH,L1=0.0 i
00 &0 K=l N

BINNGL}aB{ LN L)+ BF (K]

AUNNSL )SAINN,L)*AF (K]
BIKNLIsBINN, LI/ (0. 5%FLOATINZ])
A{NN,LI=AIRN,LE7{0.SOFLOATINZ) )
D0 27 Ki=xl,22

FXIXKI)=ni-1

HRITECG 453N Al 150 al=1,011)
WRITE: 6,696 IMN{1).S{1,L3,1a2,11}
WRITE(64510}%

CONT TNUE

TMEAN=BLL +2)}72.
“U'O-QﬁZﬁ“So15'05)‘!Tiglﬂ‘§0.3’01»5‘07’(7”5!“"093”‘2

CALCULATING THME FLDk PARANETERS

READIS ¢563 ) IORF o HEAD, OROP ¢ DAR, PL, PO
NRITE(6.SG9CBAR.?JT,TCOQ.THEL“-TDB'THS-A&F,KC;KG.ﬂT
PIsRARSTIG.73~-PL*5,.204

P2sP1-~-DROPES5, 204

#3=P1-P0®5,.204

P4ePI-REAGS5.204

X={P3=-P4}/P3

T12659.67¢TREAN

DENSITY CORRECTIDN FACTIDRS
H20,0196919-0.0006795260THBs 8,.9166TE~368TUNE2~0.000222¢

1(TCB-THBS

XV={1.001.6078H} /11, 00H)
SPECIFIC HEAT OF AIR

CP=i0.B79H+1,000)80.24
VI={XV#53,34371)/P1
V2sV13P1/P2
v3aV1eP1/P3
V6xV1eP1/P4
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9l

s2

93
&S

$7
S8

100
103
142
103
08
ics

.
-

197
ios
15¢e
11c
111
132
113
1is
115

115
117
118

119

120
121
122
123
124

i25
126
127
128
129

130
131
132
133
134
135
136

(a2 N4

560

a0

QOO0

T2
73

Table VII-3 page 3

STLECTIHNG THE PRIPER FLOM COEFFICIENTS

60 70 t11+22),10RF

CHiN, 6083

BETA=G, 5252

1201 .30%

DL=9,0127

G0 Ta 50

CE=Q, 1100

BETAz0.7193

Y

sl" . % 3

LI (ii’ﬂ.35eﬁz‘ml‘x:"1.ﬁ
w2359 85w {OIAGSS2 56 SQRT {HERD/YS oy
RD248, 0/ 4PY SD1AQeNU)

CFeLFeDCS (L OE4GE/RADI D). S
m‘.’ﬁ?i‘;‘fﬁﬁf!wz,‘sa""(E‘DIVS)‘V
HSsNH/ 3500,
L‘m‘imiﬂul’lZolflixmmCPl
FORMATII L, F2.2.5F8.23

OH=4 ,SACOL ENGTH/ AT 1728,
RREYNO=SIT0HI] 63, CF MU AL 2
HRITE{S,51G}3

SRITEL4,505)

MRITE(£,506)

YRITEL6,5073

G383, 082

CALCULATING THE FRICTION FACTOX
YH={V1e¥Z122.0

GS=use14k, O/5C ) ,
FollIR0? 954 20432.0¢32. 23/ (5S 8926V -1 (KT 01, 0-PORGS 2} 02,08 (V2/¥1~1 .
10)=11.0-PORASZ-XEI #V2/V] ) §22COWL / {ATEYNO 14452

PRINT 508, IORF (HERD JOR0P, LANIDA s W, AT ¢ AC» AFR ,LZNGT N, Cido OH, PERIOD,
1MNREYND, G, F ’
WRITE (6:5103 :

WRITE(6,499)

WRITEL6,494)

WRITE( 6,499}

MRITE(£,998) -

USING THE FOURIER COEFFICIENTS
PHASE SKIFT COMPARTSON

DO 26 Jial %

IFIN.EQ.27 GO TO 3%

HNS=FLOAY (33802, ¢P 13N/ IPER 100ensoC?)

JK=3i¢1

ERMM=ATAN2( SALIK 121 /BULIK L 20-AUIK 1) 750 JKel)3o8L 22ALIK,
IZDQi(JK.lll(!tJK:l)‘BiJﬂ:?Jl))

IFU(ERMN .G T 00 0) AND { WS.GY.3.008} GO TO 72

!F((ERRH.LT.0,0).ANDJNRS.GT.'..ZSH GO To 71

IF(ERNM,LY.0.0) 60 TO 72

GO 10 713

EXMRERNNS PY

ERMMeaERMMSF]

CONTINUE
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137
138
i3
180
162
142
143
148
ies
146
147
148

4%

150
15t
152
153
154

155
157
158
159
150
181
162
163
164
165
165
167
168
T
1710
i1
172
173
174
118
176
1n
178
179
180
181
182
183
184

3 11
i3s
187
LE
189
190

74

Ll T2 ™Y

89

[a X g X2l

a5

Table VII-3 gp2ge 4

NSFxG

DoFsD .0

COSF=0.0

GCEMSTRMMIDSE

VERNN RS 7 GERR .
EITEANN L T.€1.00) GO IO &
i-‘ss-’x.lseﬂnau_u-l.o:

RCTsPERIGO! (FLOAT{ JIIS2. S PISFEEY
NTU=FEEMNS

IFUJI.RE.1 G2 "0 75
LRTULANBDAONTU )

CALL COMDCYILNTUFEE, 0F0,0E 20, £T)
DLE <{OET-ETIEKT ,
S)FHBSHW—&SF}JY..WI’EW) SO 10T
ILEF=DCF

HLoFneF}

& I0 14

CoMITIRE

ANTLIIODE ATTEMIATION COMPARZSON

NOF«O

D0F=0.0

CODF»3.2

ATEN=SQRT{ ¢ A{IK, 20862481 K, 219823 L ALIR, 11382081 3K,3)992))
BTENSATENCOOF

TERM=UNS/{ 2,075 051 1. O/BTEN)

IFITERR.LT.{1.01! GO TO 88

FEPLTERMS SURTETER “ 12 =1.0)
FEMTERR-SQAT(TERM®S2-1,0) -

FE=FEP ;

I P T i, 2euh Canir G P AP ATEY sl e D JFESFEM
NTUA=FENNS

IF{3J.NE.1) 6O TO 17

. ENTU=L AMBDASKYUA"

CALL CONDCYILNTUGFELGEG,{IT, E0,E7) -

-GOF=EXP {-DEQOSNTUAI~EXP{~L 00 NTUA)
1FLARS LODOF-DOF ) LT ..001*AYEN) GO- VD 77

NDF=NDEs1

60 Y0 78
CONTINUE
RC=PER 100/ (FES2 «IPISFLDATIIZ):
30 10 a9
FE=0,0 -
RC=0.0
PER=0.0
RCCh=0 .0
NTUA=FESHNS
STPRR=NTU*STP
STPR=NTUASSTD

OUTFUT OF TEST RESULTS

MRITELG6 49T 32 FESNTUA B 1STPRGFECINTURCC,STPRR, AT EN, ERNR, NDF, NGF
IF(JIKE.1) GO YO 24

AN{NC ) =NH )

AAFINC YoF

IGIMCI=G

RRINCE aNREYNOD
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Table VIZ-} page

n

191 IFIR.EQ.3} G2 1D 25

192 PEINLI2PERIGD

193 PSAINCIZFE

194 ANTAINC}=NTUR

15 ARCAxC It

1586 ASTPRINCI=STER

is? CPSSIRLI=FEE

18 SN IanTU

199 SRC(NCI=RIC

b SSTPARINC) aSTPRS

20t AUMIRCI=L 804

ase &6 70 24

203 s WRITEL 8,431

268 2% LT tIs

20% S0 10 3

2066 43 50 62 N¥=1,3

207 SRITEZ4:;1563

202 150 FORRATIINGLI3XN,*PERI0O0IC TECHNIQUE CXPERIMENTAY RESWTS*/73

2Cs HRITELS, 51027

21¢ 51 EGIMAT (30X, 1985775

211 WRITE(8: S22 )00 AFR, LERSTH, POR JSLF dirgsru'.m, TUS BAR G KCo XE, CTIED

4 ¥ 52 Pmnrnzsctmaamuc DIA =%, 72.5,* e

- STT0,FRONTAL RREE =9,73,3,° ﬁ!s'mst )
2OFLOM LEXNGTH =t ,F5.3," IR $,.7713,%0%0311Y =t
£ J % Fars MFIE (1Y =T JFB.1>
L IR -GFYICF?'J‘G.'C:!&- -WARES T FE_ 3, 13I8 oy
ST25+°CORE SF HT $58.3,% BRIMLS-F °,

- 6770, *ORY N8 rsws',rs.z.* FrI25,%%ET B3 TERS a4,
TFB 2, FO,TTC, PR AORETER 25,F8.2,* IV UG T2,

axC | =0 ,T8,3,TT0.*KE =0 ,F2.3/
IT25.°CORE COND.  =7,F8,.4,% STEAR-FI-F*//}
213 WRITE(4,300)
216 ¥RITE(65323) .
215 WRITE(S,362}
21¢ 00 45 JA=l,MC

- 217 45 PRINT 303 AMUIAI 2 TCUIATNREIAT,PELIAI L ALANIS 5, PEAL IR ,ANTACIAD AR
1CEIAYy ASTPRUJIAY ;S PSS IIAD L SKTAIIR), SRCIIAT L SSTPARTIA) LARFLJIA)
218 61  CONTIRUE
219 WRITE{S,488)
220 6C 10 4¢
221 360 EDRNAT{ESK,*AMPLITUDE ATTERUATION®,OX."PHASE SAIFT?)
222 301  FORMATOIOR. "S53 7Xe 'GP ,6X,"NR PERIDD TAMIA  PSI  NTU  ROM
L d PSY RVU RCE I, TX,'FY)
223 302 FORMAT{BX,*LS/MR W/SQFT<y0F,9SEC.%, 23K, ISEC.?. 21X, *SEC. ¢/ }
22¢ 303 FORNATITX,F6, Lo217:F 8. Ze1XoF e b0 1 Ks2UF5.24FT02:F6.2FT41,F254)
223 SO0  FORMAT(1Z,F12.4%
226 487  FCRBATIIHO,BHUFSTREAM)
221 489 FORMATLIH ,10MD0WNSTREAN)
228 %88 FORMAT{IHIS
225 499  FORMATEIH }
230 49«  FORMAT {23X,20MARDLITUDE COMPARISON, 1SX, *PHASE SHMIFT COWPARESON
L - ARPLITUDE ATTENUATION PHASE SKEFT®)
231 495 FORKATIIX,&4M8  ,11{:3,F8.3)}
232 495 FORMATIIX.4HA  ,11(I3,F8.3})
233 491  FORMATULX, ITHSGLUTION NOT REAL
236 430 FORMAT(10£3.4}
235 432  FORMATIXO(IX,13,F7.3))
236 451  FORRAT{12,6X,2E8.61
237 497  FORRATIOX,11,202F7.3,F7.2,F9.5,5X), xx.m.s.mx.nz.sszxﬂ
238 498 FORMATI1SX,7SHK PSI - NYY RCM  STPR2/3 PST  NTY
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PRI

T T T AR R L]

Wb Ape

239
240
il
242
253

244

248

247
24z

249

252
251

232
233
254
255

57
25

259

260
28}
262
263
28¢
245
2&¢
287
268
268
216
r441
212
233
274
215
i {2
217
272
215
280
2e1

T
515

G5
335

p=1%
509

42

HOM

O

50

27

Tabla FIZ-2 page €
T AW STRARII3 3
m"?i‘ i!*sif& :!‘ss. 8,::2;'5‘2’;51 ! l;"-“!,
FORRAV 5633}
FORMAT{ I, 1314 =1}

FORMAT {NHD s S2X, 1 SKTEST PARANCTERS %

FORMUIT(IIO,13IMDRIFICE CUICICE CDRE LAmals Al 3RfRLs =
1IN, 720N FRCXTAL LS%TM CORE  MOTRASLIC PERICO RSYENDS X
2ASS  FRICTICS }

FOIMATIIX L131H 50, oag?  pEss LIS/HR.  aREs

1 Axsa axEa . L2P.  DIAMZTER  SEC- W, VEL

20CIYY ¥#FaTisR 3

f 2t FYg ixy :‘iﬂz .ZsF?ozo"so‘.Fscag;e~ :4:333’f!§031- 3.’255525;‘2! -
TaF9.2+18,F12,2,F5.4)

FORAMATIIR L iOMMARGWETE® . FE, 295K 1 TVRZFSRENE LY IO FT. 358938
IN THERRQIDUPLE COMMEISATION FACTO3=,; £7.3,5%,1580R12 TERSZRATIREa,F
2B, I/ DRY BT TENP =0 ,F0,3 ,SE T HET LS TERP 30,0, 1,5K . AiPHA =
345 FP1uSTy "X = P FE\ 2. 5% 575 = P,.F2.3,5X,*L0RC MASS = #,58,3)

se

=0

M

SIBROUTINE CONMIIAY,TCDN}
THIS PROGRAN CONVERTS MILLIVOLYTS TD SEORESS £

DIFENS 0% Yilel ] _ i

DATA VERIQVEZI WE3) VCE3 4 VIS VIt VIT  »FE83,Fi9S.¥{10).¥1115,¥112
‘, :Vl13) .V! !&?’3- iTk;C. 33'9. G.é:;—?.’:‘-i&gl. 057.1.2“:‘.51?'1‘751 "osi
27!? ‘226'20‘57'20711’2.95"3.227’

AT=ATOI 1. 0-TLOX)

3=3

J=Jo}

IF(AT.CE. YIS} SO TO 28

AT=IAT-F(I~11 1810 FFIVESI~VII-1 FoFLRATL 100 Je2)}

RETLRN

(=34

SUBRCUTINE JONDCTOINTY, P OEG.0E7,E3-ET2

THIS RCUTINE CALCLLATES €1 AND £2 FO= FIRITE ¥iLL
LONGITUDINAL CORDUCTION

REN. ENTUSH,K

J=0

E0=1.0/{1.0+P582}

ET=PSEQ - )
CEOED

OET=€T

PFORED®~] .O-LRTUS{~3,08E098242 ., 03003, O0E7882}
PFORET=1.9/P~LNTUSI -2, 00 Yo 5, 0SEQRET} )
PFTREQ=~L .0/ P-LNTUS{~6.00LQSET+2,0%£ET} ;

PFTRETx=1 ., 0~LKTUS[3 . 0CET*32~3 ,08E0*92 ¢2 090}
FOs~EDSET/P~LNTUSI ~EQSSI¢EQe92-ET#0 20 3, OSEOSETE 92}
FT2{] .0-EG)/P~ET-LNTUO ET 393 J 0SEDPEIET 2 ,0%E0MT)
D=PFOREQSPFIRET~PF TREOQSPFOREY

He {~FO*PFIREY+FTSPFORET /D

K= {~PEOREQSFT+FETREQSFO) 7D

EQ=£0¢4

ETsET+K

J=jel

IFCUABS tHY LT « 00X LD LAND  (ABSIN LT DOSEYI) GO TO 27
60 Y0 So

RETURN

END
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R TIe

- The Lowton-Raphssn meidod {3167 Is osed $o Find the zents of Tos. 237
3nd {T-28}. Thig is an iterative mallhcd. Initial soosses sed ate Sov

x5 2 . 2
glzu{ii—g} and g = #/1 ¥ ¢}, The I =0 case. ComergeEsTe
is wery rzpdd =3 iteratics is sicooed vhen coTrectisg Deoomes iass
ﬁ:anﬁ.i;era:?c;fslcrez. Thic oocurred g&oing e Bdrd itevaticos
i the extrene case with 3}E. = 3.3 and § = 5,
TS

Pericfic Techuisve - Ontrwt of Tesh Rosuits

200 forms of the colizmt are DUovided Iy the pexicdic Zechnignme &3t

& -

= -

reSvoiion procT=x. For esch rum, 2 basic listing of thErmocoTple IWItEme
- inrezt3, the coxvesgonding tempevatoves, the Tourier Coerficients, ooxe
rarameters, and fiow rate pareneters, along with heat txansfer &d fimw
fricricn pessliis 2ys provided., 2% the end of 3ol dabtx set, a somary
of ali the rues for the et is listed. The Scmesclatzre Sor this listisc

- is;‘imia'fablem-iaﬁ&emitsémmslaaemmé
’ in Table vII-S. ’

- Table ¥I7-§ ]

: = - Flowrate, 1fm/Mhr -
G 2ass velocity, Ibmffuf £t7) / )
m sevnolds nober, dimensiondsss ) -
PSS Rericd of oscillaticn g, Sess N

IAMBES 3, heat transiQr conductich paraseter

i - PSI §, nondimensichal period of sswiliaticem
- E s ﬁt&z’ dizensioniess
- ) H zéﬁ;ti:e constant cf the core solid@ material, sedo )
; ’ ) J Colkuxn 3 factor Hstﬁngi?'. dimencionless
7 = friction factor, £, <dizexnsiocnless

- Note: The parameters PSI, KivU, RCW, and J are presented twice.
The first set for the amplitede attenvation method uses -
- ] Ec. {VII-17; to coopute {. The secand set for the ghase

shift uses BEq. {VII-I8) to compute %. aithough boch are

presented for each run, only the resuits of +tne recossendsd

&
: ’ method, Fig. 7.3, should be consideréd useful. -
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