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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
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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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AT LD v

'

W gy

|




N W

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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Figure 5.2 Aided Step-Down Heater Time Constants from Design Calculations.
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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 