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FORWARD

The following manuscript is presented in fwo parts. Part I is
the discussion of a temperature messurement system which was used in
the experimeutal program discussed in Part IIX, The two discuassions
are presented separacvely since the temperanture measurement system is
nct solely intended for the present experimental program; i.e., it is
a system that will be quite useful in many other experimentel pro-
grams, Those details which sre speeific to the present experimentsal

program will be found in Part II,

This document is, with one impertant exception, taken {from tke
M. 8. thesis of the senior author (C.E, Wark). At the time of the
thesis preparzticn, it was nor racognized that an experimental pro-
cedure error fa constant volame flow rate and (ot a coastant mass Flow
rate was used from the metesirg nozzle to the jet exit plane) bhad
introduced an error into thec computztion of J for the heaved flow con—
dition, The J values, of the thesis, were thought to be comstant

(16,64) whereas their true velues cnre shown in this report.
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Ay area of isotherm I

A, surface area of thermccouple bead

Ay cross sectional area of thermocouple wire

Ca discharge coefficient

o specific heat at constant pressure

e specific keat (see equation I.1)

d diameter of jet orifice (10mm)

d.c.f, disturbed cross flow

d, diameter of thermocoupie wire (from Petit et al, (1432))
E; iaput voltage

E, output voltage

Ejpg offset woltage

Et.c. voltage associated with temperature at thermocouple
Eref voltage associated with temperature at reference junction
E¢ enargy at frequency f

4 acceleration dve to gravity

G gaiu

h gonvective heat transfer coefficient

J momentum flux zatio (ij;/PwU:)

x conductivity

kg thermal conductivity of gas (Petit et al. (1982))
k, tharmal conductivity of wire (Petit et al. (1982))
1 distancs between thermocouple prongs

L, {see Figure 20)

L, (see Figure 20)

v

e . - L )




oo, W St - . - - o o ™ R’
e A

- X . rm

w

work rate

streamwise coordinate {see Figure 4)
transverss coordinatz (see Figure 4) fﬂ
stroamwise lab coordinate (see Figure 11)
transverse lsb coordinate (sce Figure 11)

lsb coordinate (see Figure 11)

i‘ density

Egé A time constant

?5 v kinematic viscosity

gé n jeot coordinate (parsllel to Y) (see Figure 11)

%; z jet coordinate (tangent to jet trajectory) (see Figure 11)

%i 3 jet coordizate (perpendicular to & and y} (see Figure 11)

E? g nonr~dimensional temperature (Xamotani and Greber (1971}) %a
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1,1 Tompoerature Measurements

i

TR TR 0T T

Accurate temperature mossursments have become increasingly impor—

gk

tant in many areas of combustion, heat transfer, and fluid mechenics

research. The relevance of such measurements to combustion and heat rf
f

e T R R
R R

transfer rosearch is quite obvious whereas, in fluid mechsanics

resoarch, one often desires to obtain information regarding a fluid

T DT TR RO

flow problem by using heat as a passive contaminant to thermally mark

COT o

the rogion of interest in the fliow,

Several methods for measuring temperature exist, Bimetullic and
liquid=-in~glass thermometers wutilize the familiar process of thermal

expansion, Optical technigques. include Raman Scattering and Rayleigh

B e Ll s 2. 0

Scattering; both of which require sophisticated equipment (Peterson

1979)., Another method uses thermistors which are in the class of som
sor; whose vresistance changes with temperatnre. A thermoelectric
sensor, (thermocouple) is composed of two dissimiler materials which
form a closed ciruit. If the two junctions sense different tempera-

tures, an electromotive force (emf) will be ostaklished. This effect,

—
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which was discovered in 1821 by T.J. Seebeck, is the basis for ther
moelectric temperature measurement. In 13834, J.C,A, Peltier
discovered that when current flows across the junction of two metals
heat is either roleased or absorbed at that junction. This can,
therefore, cause a junction to be at a temperature different {rom that
of its surroundings, In 1851 W. Thomson found that an additionmal emf
is produced when there is a temperature gradient along a homogeneous
wire. The totsl emf generated in a thermocouple is due to both the
Ppltior emf which is proportional to the differemce in junction tem-
peratures and the Thomson emf which is proportiomal to the difference
botween :he squares of the junction temperatures, These proportional-
ity constants depend on the two dissimilar materials used, and can in
principal be found from & calibration of the thermocouple with & known
temperature. In actual practice however, the total voltage is of
interest &nd therefore the emf's generated by the Peltier and Thomsco
effects are not determined separately., It should be pnoted that irre-
versible Joule heating effects (I’R) are present and will raise the
temperature of the circuit above the local surroundiags, however if
ths current in the c¢ircuit is that due to the thermoelectric effect

only, Joule heating can be neglected (Doebelin 1966).

Errors involved in wsing thermocouples may result from radiation,
conduction, or time constant offects. These effects cause the meas—
ured temperature of the =nrobe to be differemt from that of the
surrounding mediunm, The radiation error is a result of the difference
in temperature caused by radiation from the wire or prongs to the sur-

rounding walls, Conduciion of heat, between the thermocouple wires
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and the prongs, will iatroduce error into the temperature measuvrement
This error being known as the conduction correction, The response
time of the thermocouple can also rosult in temperature measuresment
errors and, of the above three effects, has received the most attenm

tion in the available literature.

Radiation from the probe is proportional to the fourth power of
the temperature, and thus will have a correction which increases shar-
ply with temperature, As pointed out by Bradley and Matthews (1968),
the magnitude of the correction decreases as wire diameter decreases,
Moffat (1958) performoed a series of tests to determine the effect that
various levels of radiation 1oss had on the responss time of a 16 gage
round=-wire loop junction thermocouple. For gas temperatures up to
1600°F it was found that radiation bad a small effect on the responmse

of the probe.

The distance (1) from the temperature sensing junction to the
support prongs is 8 critical factor if conduction effects are to be
negligible, Petit et al,(1982) use the ratio lllc =
(21/(1‘,)((ks/kw)l.\lu)]‘/2 to dotermine the relative importance of condue-
tion effects; specifically, if 1[1c > 30 then conduction eoffects are
assumed to be negligiblie, Bradley and Matthews (1968) use the ratio

lldw to characterize conduction effects. The authors do not give a

value for this ratio bat cite some specific examples.

The response time of a thermocouple, also known as its time com

stant (A), is a function of both the heat transfer coefficient (h) ,
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and the surface area of the thermovouple besd (As). The heat transfer
coefficient is irn turn a function of vzlocity and temperature. The
most widoly used methods for the determination of the time <constant
are the internal heating techniques, Such techniques as proposed by
Shepard ri:) Warshawaky (1952) and Kunugi and Jiono (1959) have beon
employed by Petit et al, (1982), Lockwood and Moneidb (1979) aud Bal~-
lantyne and Moss (1977). These techniques determine the time constant
based on the transient bohavior of the thermocouple when the wire is

run with a periodic current or safter the roemoval of s DC current,

Petit et al.(1982) made comparisons botween the intermal heating
technique of Shepard &snd Warshawsky (1957) and sn extornal heasting
technique described in Petit et al. (1979), A 3,5um dia, Pt-Bh 10%
wire is subjected to s siinusoidal or square current and is located
just upstream, in a known flow field, from the given thermocouple.
Their results showed significant differences in the measured time con-
stants between the internal and external hesting techmiques, which the

authors attributed tc both Joule and Peltier effects,

Compensation for the time response of the thermocouple probe c¢ezn
be performed using either analog or digital techniques, The basis for
which electrical c¢ircuits compensate ip part for the time response of
the probe was formulated by Shepard and Warshawsky (1952). The
electrical circuit requires a prescribed time comstant for use in a
differentiating circuit. Ballantyne and Moss (1977) studied the sig-
nal distortion resulting from the use of &n average time constani

value in the electrical c¢ircuit. The authors found that where there
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were large local variations in the time constent values, significant
distortion of the compensited temperature statistics resulted, In
rogions of moderate heat transfer fluctuamtions however, tiie anslog
technique would seem tov work weil if one could obtein & correct avere
age values for the time coastant, Lockwood and Meneib (1979), in
measuring temperature fluctuations in s heated round free jet,
obtained good results uring this method, Digital compensation
requires fust sampling rates and a modorate amount of processing time.
The main advantage of using digital compensation is that asn asverage
value for the time constant need not be used, instead variations of i,

if known, could be implemented into the processing software,

Of the two junctions in a thermoelectric circuit, ome is commonly
refsrred to as s roference junction, The refevence junction must be
kept at a known temperature if onme is to determine the temperature at
the desired location, An ice bath is very common and its temperature
is reproducidble to about ,001°C (Doebelin 1966). Another method is :o
allow the reference junction to senss> ambient temperature; the net emf
thus generated would then correspond to teﬁpe:atura difference with

respect to the ambient.

When using a single thermocouple, one can obtain statistical
quantities of temperature at discrete lccations in space or a tempera—
ture time series at a givenm point in space. An array of several
thormocouples will provide for the above mentioned guantities and, if
all thermocouples are sampled cimultaneously, will also provide for

instantaneous isothermal maps of the given flow field. The preseat
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tempersture measuremont sysiem is 4 multi-~point, fast response, simul-
taneously sampled array of 66 thermccouples, which can be used to both
ovaluate the temporal evolution of the iustentaneous tempermture field
and obtain temperiture statistics at discrete values in the {low

field, oy

1.2 The role of the Tiwe Constant in a Temperature Measuremont System

P

1.2.1 The First Order Rosponse Equation

The time conxtant (A) is the parameter in the first order

response eqguation which describes the rolationship between the true

temperature value at the thermocouple location (Tc) as 2 functioa of
the measured temperature valuva (Th). This equation can be derived

from a thermal energy balance for the thermocouple bead; naumely i

g ¢

“pe¥ IT,/0t = BA(Ty=T,) + kyAg OT/0x]; ~k,A, 8T/0x], (eq L.1)

R

Whore ¥ and A, are, respectively, the volume and surface area of the

bead, k, and k, are the thermal conductivities of the wires connected

| to the bead at x, amd x,, A; is the cross sectional area of tho wires 3

and h is the convective hest tramsfer coefficient.
If the wire is sufficiently long with respect te the diameter of
the wire (Potit ot 81 1982 and Bradley and Mathews 1968), then conduc~

;
B
tion is negligibls, Equatiom I.1 then reduces to - §

=po¥(dT /dt) = hA L (Tp-T) {eq. I.2)
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which cap be written in the form

AAT /dt) + Typ= T, (eq. I.3)

where Avpe¥/hA,, For a given wire material, i,a. for giveu values of
p aud ¢, it is seen that i dopends upon the ratio of the bead’s volume
to surface aces (¥1As), and upon the reciprocel of the convection
coefficient, h'l. From convective heat transfer considerations, h is
a function of the velocity and the thermsl properties of the fluid.
The latter may be axpressed a3 & function of tempersture for tho given
test section pressurs, which is essentially constant for the small
overhest valuess of the pressni study., Considering ths former, h may
be approximuted az being pronortional to “1f2 for a lamiznar boundary

lsyor; hence, the time constant i would be sxpected tc be proporticnal

to u-llz.

1.2,2 The Role of A in the Data Acquisition Process

The true tempersture (Tj) may be determined from the wmeusured
temperataure (Tm) if the latter measurement is supplemented with a
simultaneous evaluation of ) and dT /dt. Specifically, consider tha:
a high-rate time series of T,(t) velues is available arnd that the time
derivative (dT,/dt) is evaluatod from those data. T, can then be cal-
culated from (I.3). The data samples, so provided, could be used to
form 8 sample population of the tempersture velues that sxist in the
flow field, Tho statistical values of iaterest can then be dctermined

from this sample population,
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The general dsta acquisitiom pracedure, that is considered
herein, is for three samples to be acquired irn rapid sequence:
Tm)k-l' To) s Ty)g4+1s which allows dT /dt to be defined from a central
differcnce scheme and the corresponding value of Tc)k to be computed.
The Tc)k valuos are rotained as the primitive data for further evalua-

ticn,

It is noteworthy that the mecn value, of the Tc values 30
defined, would  tbe indepenient fromw A  under a relatively
non-restrictive assumption, Specifically, consider that the valocity
magnitude (uw) is simul taneously measured with the T, value. The cor-
rected temperature (T,) is thenm given by I.3 where A=A(w) is used for
the time constant, Using an over—bar to denote the mean of the sample
population and a prime to denote the deviation (i,e., difference

between 4 given realirzationm and its mean value), the equation for the

mean value of the corrected temperature of the sumple population is:

T, = T, + X(@T/dt) + A(eT /dtf leq. T.4)

For = stochastic process, (Ei;ldt)lo and T =T, if there is no correla-

tion between the A and (dTﬁ/dt) deviations.

The variance of the saumple opopulation is, however, clearly
affected by the time constant value. This can be shown as follows,

Subtracting I.4 from I.3 yields

T)p = Tedy= Ty = Tpdpm Ty + Ap(aTy/dt) - A(dT /at)  (eq I.5)
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It will be assumed that tho correlation: i(dTm/dti is zero for
this apalysis, Given this sssumption, the varisace of the sample

populiation is

TS = Tyt + 2Tg) Ay (dTy/ dty ) #Ag (AT / dt)? (eq 1.6)

Tho second term, r.h.s. of (I.6) is not expected to have a signifi-
cant value; the third term is, however, always positive and hence the
sample variance for the corrected temperature will exceed that of the

measured temperature if A ) 0.

The following chapters of Part I identify the physical tempera-—
ture measurement system and the data acquisition scheme., Chapter 2
provides results for, and a dsscription of the method used to deter—
mine, the time constant vsalues for all thermocouples. A brief
discussion of the veiocity dependence of the time response is alsc
included, The measured temperaturo value is digitally corrected for
the time constant of the thermocouple; this correction scheme is

explained in Chapter 3.
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CHAPTER 2

Y TEMPERATURE MEASUREMENT SYSTEM

; 2,3 THE PHYSICAL SYSTEM

2.1.1 Thermocouples and Support Array

A schematic represeatation of the present thermocouple probe is
shown in Figure la. The dismeter of the probe body is 1.58mm and the

overall length of the probe is 153mm. The micro~fine wire thermocou-

FIRRELT Pl ST W il wli il s, P05 Kl oo lnen Bl LR 1 s o

ples {(7.62 um dia.) are supported by ,235mm dia. prongs separated by
1.59mm {see¢ Figure 1b). The thermocouples used im this study were
type E which is made up of a positive conductor of nickel-ckromium

{chromel) and a negative conductor of copper—nickel (constantan), the

sensitivity of the type E thermocouple is 42.5 u volts/*F (Doebelin
1966) .

The 72 thermocouples are supported in the array shown in Figures
2 and 3, The frame is 146mm square. There are 18 modular elemonts
with four thermocouples supported in each modular element as shown in

Figure 3. The 18 modular elements are connected by “forks” with two
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of the corner ¢lements socured to the frame. The area blockage ai the
measurement point is 1.5%, and at a dowanstream distance of 102mm, the
area blockage is 42%. Figure 2,14 in Schiicting (1968) shows that the
affect on the velocity fleld at ths messurement point would be negli-

gible even if the forks and modular elements created s 100% biockage,

2.1.2 Reforence Junctions and Assembly

The 72 reforenco junctions for the thermocouples are located in
the boundary layer bleed passage of the Free Shear Flow Laboratory
(FSFL) flow facility (Figure 4). The reference junctions semse Ty and
they have a relatively large time constsnt since the wire diameter is
large (.Bmm): The thermocouples and reference junctions are connected
via 72 twisted pair shielded cables. The cables are 35 feet in
length. Extra lengths of chromel and constantsn were welded on to the
leads of the thermocouple probes, as shown in Figure 2 , to ansure
that no second thermocouple effect would be przsent in the measuce—
wments; i.e., if the chromel/copper or constantan/copper junctions were
subjoected to a tempersture above the ambient value, T,., an sadditional

emf wouléd be induced.

2.1.3 Electronic Processing Uaits

A schematic reprsentation of one of the four electronic pProcess—
ing boards is shown in Figure 5. Each processing board has 20 sample

and hold units (detail shown in Figure 6), one multiplexer with 32

T T
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channels and 20 amplifiers. The resistors used to amplify the thermo-
couple signal were metal film with & 1% tolerance; their values were
selzcted to give a nominsl gain of 500, The reference junctions were
mounted on the back of the processing boards thereby reducing 60 Hz
noise pickup by the leads connocting the reference junctions and pro-
cessing boards. Placement of the processing boards in the FSFL flow

facility can be seen in Figure 4,

The processing boards were designed and built by Sigmon Electron

ics,

2.,1.4 Data Acquisition System

The input to the processing boards is a voltage corresponding to
the temperature difference between the thermocouple probe and the
associated reforence junction, T -T,. The signal is amplified, sao~
pled and held, multiplexed and presented by the processing boards to a
four chmanel TSI 1075X anmalog to digital converter. The wmultiplexers
on the processicg boards sre controlled %y a DEC DRVil interface board
which allows the user to pick the starting channel and the number of
channels on each board to be read. The 12 bit anmalog to digital cormr
verter (A/D) has a 0=-+5 volt range; therefore, the resolution of the
A/D is 1.2 millivolts, By connecting all channels of the A/D to a
'cémnOn signal, it was found that the agcuracy of the A/D was 2.4 mil-
livolts, The four channels have matched 50kHz input filters and are

sampled simultaneously. The A/D is controiled by a direct memory
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access interface board (DRV11B) which is installed in a Charles River

Data Systems PDP1123 microcomputer,

2,2 System Performance Evaluation

2,2,1 Evaluation of the processing bourds

Soveral portinent characteristics of the processing boards were
evaluated prior to the connection of the theormocouples. The charac—
teristics checkod were i) the gain for each channmel, ii) simultaneous
sampling of all channels and iii) the sampling rate threshold of the
multiplexsrs, Since all BO pairs of resistors are not idenmtical, the
amplification of the thermocoupie volteges will not be identical for
all channels. The evaluation of the gaim (G} for eacﬁ channel was
performed as follows. Known d.c. voltages (Ei) were applied to the
inputs (points 2,3 of Figure 6) for all channels and the previously
discussed data acquisition system was used to sample the output (ED)

of each cheannel, For the transfer function:

Eo = G(Ei - Eoff) (eq. I.7)

where Eoff = of fset voltage, the gain {(G) was obtained by & linear

. rogression fit to Equation I,7 for the data puirs: (Ei'Eo)' The

of fset value, determined by a separate procedure as described in
chapter 3, was porformed by giving the chanmels a sequence of DC vol-
tages and using the previously discussed data acquisition system to

sample all channels, A linear relationship exzists between the thermo—
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couple reading and the input DC voltuge; namely, the thermocoupile
reading is equal to the chamnel offset plus the DC voltage multiplied
by the channel gain. By using a linear regression rontine, the value

for the gain for every channel was found.

To determine if all chaonels were sampled simultanecusly, & com—
mon signal was input to each of the chennels and the channel outputs
were compared, Specifically, a nominally 200 Hz sine wave from a sig-
nal generator was applied to the channels and & visual comparison of
the outputs, from various chanmels, showed that the sample and hold

units were sampled simultaneously.

It was observed that the multiplexers would sometimes get "lost”
at high sampling rates; i.e,, it seemed that the multiplexers on the
processing boards did not start on the user specified starting chan
nel. This hardware problem was compensated for by the data

acquisition software, as described in the following chapter.

2.2.,2 Thermocouple Time Constant Evaluation

The experimental configursation, to determine the time constant
values, consisted of placing a 5pym diameter tungsten hot-wire probe
directly upstresm of the subject thermocouple. The hot-wire probe was
positioned easily and precisely by means of a traversing mecharnism,

This is shown schematically in Figuze 7.
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The data acquisition system discussed sbove was used to sample
the subject thermocoupie and the hot-wire output, During the time
period that the A/D is sampling, the bot~wire anemometer is switched
from operste to stand-by, thereby causing sn impulsive decrease of the
heating current to the hot-wire. The hot-wire has a sufficiently fast
response that the thermocouple essentially senses & step change in
temperature, Approximately five runs at a constant flow speed (=

Tmps)} were performed for each thermocouple,

A schematic representation of s thermocouple’s =esponsr. (with » =
5msec) to the hot-wire can be seen in Figure 8. The ir:tial flat por-
tion of the thermocouples’ response is attributed to the separation
distance between the hot-wire and thermucouple, and the convection
velocity., The asymptotic value of the thermocouples’ response would

be the laboratory temperature (T_,) for this case,

The solution to equation 3 can bo written as follows:

1 (T-T) /(Ty-T) | = =371 (eq. I.8)

The terms in equation 4 were evaluated from the time conmstant data as
follows. T, was the initial value of the thermocouple just before the
hot-wire snemometer was switched from operste to standby, Ty was the
messured value at the sequence of sample times t, and T was the
steady state valuo reached by the thermocouple after the passage of

the trailing edge of the hot-wires’ thermal wake. A linear regression

routine was then used to determime A (= —slope-l) when the date were
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fit to oquaton I.8,

An average value for A wes determ, s+Jd based on nominally five
data runs per thermocouple. Consistent values of ) ,per thermocouple,
were found when the hot-wire probe was placed directly upstream of the
thermocouple probe, This proper placoment resulted in a relatively
large T, —T, (=24 °F) and a lov standard deviation of the data whem fit
to equation 4. Oscilioscope traces of the thermocouples response were

also observed to be very smooth,

The procedure described above proved to be a good check on the
integrity of the thermocouples. This check revealed 66 good thermo-
couples, for which the wvarijability of A at Tmps was found to be 2.0
mse¢ to 4,7 msec, A nominal uncertainity of +0.20 msec is associated

with the A value for a given thermocouple,

2.2.3 Reynolds Number Dependence of Time comstants

In addition to the data ruas at 7mps, time constant values for
four thormocouples were also found for the range of velocities: 2mps
to 10mps. The A(Re) results can be found in Figures 9 amd 10. Figure
9 is a representation of % vs, u and Figure 10 is a plot of A vs
v~1/2 where u is proportional to Re for a given diameter and the nomi-~
nally constant kinematic viscosity values (6% difference between v

nax

and Vmia) -
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tions made in 2,2.2; specifically that A is proportionmal to u

The a{u) results appoar to approach an asymptotic value of 3 for

u, The experimental results of Figure 10 support the observa-

-1/2,
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CHAPTER 3

DATA ACQUISITION PROCEDURE

3.1 Offset Determination

The voltage, that is sampled by the A/D represents the net eomf:
{Et.c.(y.z)-Eref]. plus the offset associated with the electromic com-
ponents for that channel, The offset for each channel must be
subtracted from the voltages sampled by the A/D before any other pro—
cossing steps can be performed; therefore, determination of the &6

of fsets is an important parct of the data acquisition procedure.

By placing the thermoccuple array in the ambient temperature flow
field of the FSFL flow facility, the temperature sensed by the thermo—-
couples (Th) and reference junctions (T_) will be approximately equal,
Discrepiucies between the two temperatures will exist insofar as there
are thormal vaziations within the room; these thermal variations will
hereafter be referred to as "thermal noise”. The voltages sampled by
the A/D will then simply be the offset values for the 66 channels,
note that [Et_g.(y.z.)- Erpg]=0 for offset determination. It is
important to note that a stabilization period iz required for the

of fsets, Apparently this stabilization period is noeded to bring the

18
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processing boards to a steady state temperature valus once the boun—

dary layer bleod auction is activated,

3.2 Sampling Rate Considerations

Roferring back to equation 3 one can see that the gquantity dT,/dt
is essential in determining the corrected temperature value (Tc)'
Evaluation of dTm/dt is performed using s central difference techni-~

que, thereforc a high zampling rate ls required.

When choosing a sampling rate, the =rate threshold of the
multiplexers must be considersvd {refer to Part 1 Chapter 2). It was
found that at the bighest sampling rvate possible for the A/D(3.125 kiz
for 80 channels) the multiplexers would get "lost”; i.e., they would
not start on the user prescribed starting channel and hence, tho order
in which tho data was stored in memory would not be correct. At the
noxt highest sampling rate (1,56 kHz) the multiplexers would start on
the prescribed stsrting channel only a portion of the time, Therefore
& check is performed in scftware to determine if the order that the
data is =stored in memory is correct. If correct, them the data run
will be further processed (as will be explained in the following sec~
tiom) and if incorrect then the values are deleted and another data
run is taken, The "lost” condition of the multipiexers improves as
the sampling rate decreases and the user can choose one of six sam—

pling rates botween 20 Hz and 1.56 kHz,

3.3 Time Constunt Correction and Data Storage
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Two modes of dats storuge arxe availahle to the wuser of tho
pressnt temperature measuremeat system, A time serics of data is
required for stndying the instantarscus behavior (e.g. instantanoous
isothermal rmaps) of the flow field in question, and a histogram, com-
posed of statistically independent samples, is used to determine
statistical quantities at the discrete locations in space occupied by

the thermocouples,

The data which are sampled and stored s » time series, are tiken
a8t s high sampling rate (1.56kHz) so that the measured temperaturec
value can be correctad as in equation I.3, This high sampling rate
(.64msec) is appropriate when congidering the time constants of the
thormocouples (=4 .S5msec at 2mps) The value for tho time constant vused
in equation I.3 i3z based on 4 user defined velocity or it can be based
6n a user defined function of velccity with temperature. As explained
in the provi;us chaptoer, % valves were found for al]l thermocouples at
& comvection velocity of Tmps. Using these results, and if one
assumes a common slope of = S(msoc)l(mpt)liz {(Figure 10) for all ther

mocouples, the value of A for any veloecity in the range 2 { u £ 10mps

can be found for each rhermocouple.

As aoted in the Introduction, the first order correction of the
measured temperature valuves needs to be performed in order to obtain
accurate veloes for statistical quantities of the data. The corrected
tempersture value Tc' is used to build a histogram for each thermocou-
ple, The program is written such that the user deofines the minimum,

the maximum and the number of intervals for the Tc distributicn. For

20
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each dats run & total of sevem points pe- thermocouple are sorted into
the vorrect intervsl of the appropricve histogrem. Although thore are
approximately 96 kBytes of memory uged for the measured temperature
vaiues per data rum, oniy seven statistically independent samples are
Xept. This seemingly excess amount of raw dats is required because of
the high sampling rate (.64 msec) necessary for the centrul difference
scheme, The user specifies the number of points desired to develop
the histograms and the appropriate number of data runs will be taken

under software control,
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PART II
JET IN A CROSS FLOW EXPERIMENT

CEAPTER. 1

INTRODUCTION

A jet exiting into a cross flow is an exsmple of a complex three
dimensional flow field, The interaction of the jet iluid with cross
stream fluid results in two large counter rotating structures which

are one of the dominant foeatures of this flow field (Figure 12).

Thess structures are responsible for the distribution of entrained

cross stream fluid within the jet.

The interaction of the jet with cross stream fluid results in
high opressures on the upstream surface of the jet column, The down-
stream face of the jet is characterized by 1low pressures valuez anad
strong ontrainment of tha ambisnt fluid., A4 qualitative discussion of
the flow field, including surface topology effects, is presenied by

Foss(1980) .

The defleczion of the jet makes it useful to define a system of
jet coordinates (£.n.{). & follows the jet trajectory, w is psrpea~
dicular to ¢ and parallel to Y, and { is pexrpendicular to both & and

n. Figure 12 shows this system of coordinates and the lab coordinstes

PRECEDING BAGE BLANK NOT FILMED
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I,Y,and Z.

The important parameter im this problem is the momentum flux
ratio (I"pjvj'/p,Uo'). When the cross stroam and jet fluid have the
same density, the velocity =atio (R-Vj/Uo) is often used to cheracter~

ize the problem.

Some of the physical applications of a jet sxiting into a cross
fiow are i) the discharge from a chimney stack. ii) waste discharge in
rivers, and iii) the cooling of combustion gases. The littexr is the

motivating application for the presant study.

The study of a jet exiting iotc & creoss flow has been the snbject

of numerouvs investigaticas. Xeffer and Baines (1962) present velocity

measurements at a large number of points in the flow field, for the
velocity ratio values Vj/UO of 2,4,6,8, and 10. Isobars for the velo—
city ratio values of 2.2 to 10 can be found in Fesrn and Weston
{1975). Ramsey and Goldstein (1971) used a large diumeter thermocou-
ple (.13c¢m) and obtained temperature profiles of a heated jex exiting

into a cross stream at low PjvijmUm valoes (,1 to 2)

Kamotani and Greber (1971) provide a substantial foundation for
the present work., Their study was also motivated by the combustor

cooling problem and they provide velocity and mean temperature infor—

‘mation in planes that are perpendicular to the jst axis. Extensive

roiforence tc the detailed considerstions in their report are made

herein, Andreopoulos (1983) in a receat pubiication, provides infor-
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mation regarding the mean and fluctuating thermal field for Ts4.0.

- These previous studies have been performed with o relltiva}y low
distarbance cross flow., The flow field in 8 combustor is, bowever
disturbed and it iz this cross stream disturbance effect on the dynam—
ics of & jet in a cross flow which is the primary focus of the preseat

study.

The present study uses thermcl energy to mark the jet fluid. The
temperature measuroment system described inm Part I is used to investi- 5
gate the tempereture field downstresm of the jet exit. The cross ‘ %
stream disturbance effect is investigated by compuring the results

obtained for a jet exiting into & disturbed cross flow with those for

a jot exiting into am undisturbed cross flow for z given momentum fluz

ratio., Two groups of momentum flux ratiocs: J=17,19,21 and IJ=67,76,

snd 84 and three jot overheat values: (Tj—T;)-22.2.41.7. and 61.1 °c E

were used in the present experiment,

ks
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CHAPTER 2
EXPERIMENTAL EQUIPMENT AND PROCEDURE

2,1 Ezperimenta) Equipment

2.1.1 Facility for the Cross Flow

A schematic representation of the FSFL wind tunnel can be seen in
Figure 12, This flow facility provides s large,planar shear layer for
use in the disturbed cross flow case of the present study.
Specifically the jet exhausts into the free shear layer at a location
= ,25 at the end of the three meter test section, The
E/Uraf and turbulence intensity profiles based on both the free stream
and local velocities cam be seen in Figures 13,14 and 15. The E/Uref
= ,25 (y=80¢m} location in the free shear layer was chosen based on
the relatively small velociiy gradient and the relatively high turbu-
lence intensity valves existing at that point (Figures 13 and 15). It
is pertinent to note that, based on the energy spectrum results at
y=80cm (Figure 16), the high turbnlence intensity values are caused by
very low frequency fluctuaticns, For the undisturbed cross flow case,

a "false wall” added to the FSFL flow facility (shown as a dotted line
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in Figure 4) rosulted in a quiescent flow field at the jet exit loca-
tion. The turbulent intensity at this location was =,6% and the

energy spectrum results can be seen in Figure 17.

A boundary layer plate, the leading edge of which has a parabolic
profile, was positioned 203.2mm below the tup of the Test Section
Extonsion (T.S.E,) (Figure 18), An adjustable diffuser flap,for the
parallel alignment of the leading edge stream line, was attached to

the downstream edge of the bounda:y layer plate, (Figure 19).

2.1.2 Jet Doelivery System and Exit Conditions

A Spencer blower is used to prbvide the necessary flof rate for
the jet, The exhaunst from the blower is ducted into a 136cm by 10lem
pleoum. This is shown schematically in Figure 18, Flow enters the
jet delivery tube through a 6.35mm dia. sharp edgoe orifice. At a
dowastream distance of 10mm from the entrance orifice, a static pres—
sure tap is located in the wall of a 25mm I.D. copper pipe. The
static pressure from this tap, minus that of the plenum, was wused to
measure the flow rate, After the right angle bend, a 50mm I.D.

galvanized pipe is used to deliver the flow to the jet exit.

The jet axits through a 10:.1 dia, sharp edge orifice (Figure
18). Care was taksn to ensure that the exit plane of the jet was
flush with the lower surface of the boundary layer plate. The center

of the exit orifice was located 260mm ddwnstream from the leading eodge
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of the boundary layer plate, as shown in Figure 19. Figures 20 and 21
are plots of the cross stream boundary layers, just upstream from the
jet exit orificoe, for the undisturbcd and disturbed cross flow condi-
tions respectively. Also shown in figures 19 and 20, are the
reference curves for s turbulent boundary layer in a zero pressure
gradient flow, viz., 8/0_, = (y/8)1/7, and the Blasius solution for s

laminar boundary layer,

2.1.3 Jot Hoating Considerations

A Superior Electric powerstat was used to supply a ocontrolled
voltage level, to a flexible resistance strip heater, The strip
heater was wrapped around the copper delivery pipe in the plenum above
the T.S.E.. TFiberglass insulation, 220mm in dia., was placed arocund
both the strip heater/copper pipe and the galvanized delivery pipe to
protect from heat 1loss to the surrounding plenom and/or cross flow
(Fignre 18). A referemce thermocoupls {(wire dia of .254mm) is located
10mm upstream from the jet exit and was used to momitor the jet tem~
porature. The leads of the thermocouple extend through the sidas of
the pipe and are conmnected via one of the shielded cables, to & chan-

nel on the processing boards.
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2.2 Exzperizmental Procedure

2.2.1 Velocity and Jet Temperature Determination

The cross stream velocity, (U,), was determined, for the
undisturbed cross flow case. by using a pitot—static pressure probe
placed in the froe strean of the FSFL flow facility, For the dis-
turbed cross flow study, the U, value was 1/4 of the velocity

calculated from the pressure probe reading.

The mass flow rate through the delivery tube was determined using
the static pressure (downstream f£rom the entrance orifice) snd the
plenum pressure, The discharge coefficient, (C4), which is required
to correct for the non-uniform veloc¢ity profile at the orifice, was
Xonown s-priori as a function of pressure drop across the orifice, Y
thermometer located in the plenum, provided for the density value used
in the flow rate calculation, The average jet velocity (Vj) vas

determined from the calculated mass flow rate.

The output from the reference thermocouple, used to moniter the
jet temperature, is sampled using the previously discussed data acqui-
sition system., Ernowing the sensitivity of the type E thermocouple,
76.5umvolts/°C, an output voltage corresponding to the desired jet
temperatare can be calculated. The desired output from the reference
thermocouple is obtained by adjusting the voltage level of the power-

stat.
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It was found that a period of approximately one hour was reqnired
for the jet temperature to stabilize, however a period of three hours
was required for the jet mass flow rate to stabilize. The latter was

s direct result of the initial transient period of the Spencer blower.

2.2,3 The Temperature Measurement System

The results of Kamotani and Greber (1971) were used to determine
an appropriate position of the thermocouple array with respect to the
jet exit location. Their results include the ijuo values of interest
(4 and 8) for the prosent study. The thormocouple array was posi-
tioned in X/d (%0,25) corresponding to the chosen {/d value. The Z/d
position (£0,35) was chosen such that the mazimum ampunt of tempera-
ture field information would be obtained. (The Y/d (:0.25) placement
was to simply cemter the array with respect to the jet exit,) The
array was mounted on a pair of dove tail traverses, allowiang for X and
Y positioning, which were mounted on an aluminum plate positioned in Z
by a scissors jack (see Figure 19). The measurement plane of the
present study was located at X/D = 3.9 for the lower momentum flux
ratios: J<21 and then moved to X/D = 3.5 for the higher momentum flux
ratios: J267 where the displacement: AX/D, was accurately

controlled: 0,08,

The datas acquisition procedursy, discussed in Part I Chapter 3, is
used to acquire the dats Ior the present study. The following

features are specific to the present experiment. i) The offsets asso—
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ciated with the chaannels of the processing boards require

stabilization period (as noted in Part 1 Chapter 3), which was found

to be approximately 45 minuvtes for the present study. i) The sam-~

pling rate of 1.56 kHz (.64msec) is appropriste when comsidering the

central differenco> scheme used to evaluate the term dT,/dt; that is,

.128 jet diameters of fluid will be oconvected downstream every

.G4msec, This estimate of the convected distance is based on » con—
vection velocity of 2mps which is the vslue of the free stream

velocity for all cases.
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CHAPTER 3

DISCUSSION OF EXPERIMINTAL RESULTS

3.1 Introduction to Discussion of Results

The primary motivation for this experimentsal program was to
determine the effects of cross stream disturbance on the jet in a
cross flow problem. A secondery body of results is also preseanted;
the ‘influonce of the momentum flux ratio in the ranges: 1757421 and

6757484, on the location of the jet column. This secondary body of

results will be discussed aftex the general features of the measure~

ments nre identified. The influence of the disturbed cross stream

will then be considered.

The influence of assuming that time coanstant values for each
thermocouple could be taker as A=A(2mps), was evaluated by processing
one (high-rate time series) data set with the A values: A=A(5mps) and
A=0, The former represents an upper bound for the expected velocities
at‘the X/4 plans of the measurements (Kamotan:i and Greber (1971)) and
the latter represents the absonce of a time constant corgrection. From
the considerations in article 1.1.2.2, it is expected that negligible

differences in the mean values of the measured (A=0) and the
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corrected: Al2mps) snd A(Smps) should be obtained. Also, it is

expected that the rms temperature values should vary as T'* (a=0) ¢ T

' (A(Smps)) < T'? (A (2mps)).

Using one of the time sories data sets for: JT=84, Tj-T;-61.1°C .

and a disturbed cross flow, the results shown in the following table

were obtained.

TR(x) - Tp(a{2mps)) Tp' - Tp* (A (2amps))

min median max min nedian max
A=G ~0,63 0.05 0.73 1.65 6.0 17.86
A=5 -0.15 0.03 0.19 .84 2.0 7.0

TABLE II.1 Influence of A opn measured temperasture values.
Note: Tbe “min’’, "median”, and "max” refer to a given

thermocouple (1-o0f-64) in the array.

The relatively small differences between the 2 and 5 mps time constant
conditions support the inferronce that the use of a constant A value

does not exert a significant influetnce on the preseat results.

The temperature field results are most oasily interpreted if the
conduction of energy through the nozzle plate, and the corresponding
thermal contamination of the boundary layer fluid, casn be neglected.
The magnitude of this contamination can te conservatively estimated by
essuming that a thermal boundary layer began at the junctnfo of the
nozzle plate and the boundary layer plate (L,). A measure of the com—
tamination is provided by the assumed two-dimensional boundary layer

at the location of the jet centerline. Using the apapropriate heat
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tcansfer relationmship for this laminar boundsry layer (e.g., Gebhart

(1971)):
q = .664 & (T,~T,) (Un/v)/2 (L,3/2 -1, 1/2) (eq. IL.1)

and equating this to the flux of thermal energy carried by the boun-

dary layey:
G = j peg (T - T,) u dy (eq IX.2)

one can solve for the "non~dimensivunal thermal contamination measure”:

([ @tari 1 ] /) atg/a) =

(664 (x/po))/(Upd) (Ta/v)1/2 (L)} 2= 32 =

1.4 x 1073 {eq. II.3)
for U, = 2mps and L,=260mm and L, = 2i3mm., Hence, it is inferred that

the boundary layer heating effect is of negligible importance for this

flow field,
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3.2 Thermal Energy Considerations

Applying tho onmergy equation to the control volume shown in fig-

ure 21 one obktains
b-fasaeg,, [(V*/2egarroave | [(Vi /24524 T4p/p)pV ndh (I1.4)

Assuming i) steady state, ii) heat-transfor rate and work rate betweoen
systew and surroundings = O, send 1ii) that the kinetic energy term is
small compared with the enthalpy term, (h=p/p+8), equation II.4

reduces to

Jc.s.l pcpT Ven dA = jﬁ.s.z pcp‘r V'n dA (qu II.S)

Tho ubove integral quantities if evaluated, would provide a good check
on the experimental dats; however, velocity informatica is not avaii-
able from the present study. The present results provide contours of
constant temporatnre (isotherms) for hoth tho mean flow field and the
insvantaneous flow field. These results show that, at the X-location
of the thormocouple array, both the mean and instantapeous tempera-
tures existing in this flow field are substantially lower than the
initial jet temperature. Namely, the peak temperatures do not exceed
the value; 0.25(Tj—T,). Equivalently, this gesult shows that substan—
tial diffusion (i,o.  molecunlar transfer) of thormal energy has
occured betweon the jet exit and the observation plane siunce this is
the sole agent that cam reduce the snergy statw of a given fluid ele-

ment. From (IX.5), and for jet velocities which are approximgtely
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equal to the cross stresm velocity, it is apparent that the contamine-
tion field at ¢.s. 2 must be much larger than the area of the jet
erifice, This characteristic of the isothorms is quite apparent a3

noted below.

3.3 Jet temporature considerations

For the présont experiment, it wuas desirsd to use thermal energy
as & passivo scalar contamivunt with which to wark the jet fluid. The
passive contaminant assumption is given strong support by the Kamcotoni
aid Greber (1971) study wheroin TJ-T;=41.7°C and 177.8°C overheat
velues resultod in & quite small (=2 percent) change in the z position

of the maximum temparature.

This swall change was obsexved at tho x/d loeation of the present
study and the change wes opposite to that expected if a buoyancy
effect were responsible, The effect of buoyancy is eizpected to be
negligible since the Richardson nuamber (Ri-s(Tj-Tm)d/U:Tr) tor tke
present study is small (R;=0.005), see Townsend (1976). Figures 22~33
reprosent the mean isotherms for the momentum flux ratios: (J) of
1757421 and 6757584, and for three different overheat conditions:
rj-r,=22.2,4i.7.and 61.1 °C for both the undisturbed and disturbed
cross flow cases., These contours were obflinad using the Surface II
contouring package onm the Cyber 750 at Michigan 5tate University. The
+ signs on the figures represent the rpcsitions occupied by the therme-
couples, The coordinstes of all cenicurs are those of the

thermocouple array (s and t), (It is pertinemt to note that ths posi-
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tion of the thermocouple array was not changed a3 the jet temperature
was changed for a jiven J value.) Listed in the captionm of each figure
are tho trapsformation egnuations between the artay coordinates snd the
jet exit coordinates, The numerical valves oi the isotherms represent

10002 (T =T,/ (T;=Ta) = Tp.

Figure 34 is a plot of the s component of the centrvid as a func-
tion of somentus flux ratio for the several cases invesiigated. The
ceutroid represerts an integral messure of the temperature field; in
this sonse it represents a smoothirg of the discrete data samples.

The centroid was calculated by the equation

SC.B.-E SIAI / EAI ’ tc.g“‘E tIAI ! E AI (ng. II1,6)

whore sy is the s component of the centroid for each isotherm and Ag
represents the area of each isotherm and was celculated using <he

digitizer on the Prime computer at Michigan State University.

The results, shown in Figure 34 are quite instructive, Firstiy,
the local variation ip J, crested by varying Tj with a constant volunme
flow =rate into the heater tube, shows that the resulting
centroid-momsntum flux relationship is consistent with the global var-
.iltions created by the increase in the volume flow rats. Secondly, a
consistent pattern, from the four (experimentally independent) sets of
data, is revealod wherein the jet pemetrstion for the disturbed ocross
;t:oun is less than that {or the undisturbed cese at the same J value,

{Incidentally, the consistency of this pattern suggests that the
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uncertainty estimate (£0,7) for the s-z tramsformatlon is too conser—
vetive,) As noted on the figurxe, the X/d lucations uf the two groups
of momuntvw flux veluez are slightly different; it is inferrad that
tke trerd of increasing centroid distance, with respect to the J
vilue, wonid be gven more steep if the correction for tho 11% change
in X/d could be accounted for in tkis graphical representatiosm, The
influence of the isotheims, selected for the centroid evaluatiom, iz
seen to be a second order factor in the ahove interpretaticrs. {The
lack of a complete set of isotherms, within the space of the thermo-
coupls array, required the calcualation ¢f the twn "gentroid” values

that are presented in Figure 34 for the large J values.)

An alternative method of calculating the centroid is to consider
the measured temperature as a discrete “mass” poiut and to compute the
centroid of the distribuved field of such "mass" points.

Specifically, the centroid was calculatad usirng the equation

JAY
$¢.5.77 $iTr / } Tp t:,3.=§ t;Tp E Ty (eq. II.7)

where s;,t; are the coordinates for a given thermocouple, The results
¢t this technique are not considered to be as valid s measure of the
thermal field; however, this calculation is drameatically easier to
execute and it will be employed where the use of the digitized isoth-
erm comtours wounld be impractical; see Sectionm 3.5. The centroid
results, using this method, are not presented herein. However, it is

pertiuent to note that the centroids, irferred from the isotherms,
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Frr‘—""\"' TP P RO 1 AR A RRRRAIT T e
E T N

. e e

LI TOSML T T W A £ R

- ———— o A G S

- ek .




show a much larger variation, and & more regular dependence tpon, the
momentum flux values thin the centroids calculated frem the discrete

mass points.

A noteworthy aspect of the mean isotherms is the trend: "the
maximuu mean temperature decrcases with incressing overhost”. This
decrease in moximum mean temperature can be sesa in thes meen isothsrms

for both the disturbed and undisturbed cross flow conditions (Figures

22—33) .

The momentum flux ratio influence can also he seen when looking
et the Thislograms obtained for all thermccouples in the thermocouple
array. A solected fow of thesc histograms can be seen in figures
35-42. Figures 35,37,3Y,and 41 represont the hisvograms for a therfmo-
couple located in approxzimately the center of the jet while figures
36,38 ,40,and 42 are the histograms for thermocouples located farther

from the boundary layer plate.

3.4 Coagarison of Present Rssults with Kamotani and Greber

Sigrnificant différences can e found when comparing the mean
isotherms of EKamotani and Groeber (1971) with those of the present
study. The absence of kidney shaped isbtharms is one factor albeit
this way relate to the verticel vs, the jet-axis~normal plane of the
dats. Compcunding this difference in observation planes is the effect
of an increased jet penctration and therefore the steep intersection

betweon the jet column and the X/D= constant mearsurement plane. The
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*staep intersection” is doscribed in the following.

In order to compare the present results with these of Eamotani
and Greber, it is required to provide a common momentum flux ratio as
well as the ssme X/D location, Their comprehensive data for Z (x)
{i.e., the Z location of tho maximum {emperatnre) readily ullows the
latter; more complicated steps are required to oprovide the “same”
momentum flux ratio. The aprarently linesr variation of zc.g. with
respect to J (see Figure 34) allows &an approximate interpolation
between the measured comditions, of the present study, to obtain a
Zc'g_ value that weculd correspond to the R=8=V5/Ug value of the Kamo—

tani and Greber imvestigation.

Their equivalent J value is inferred to be:

J= PjV 3 / poUoz

j
(To/T;)R?

(530/600)8* = 56.5

and the corresponding Z, . value (from Figure 34) of the present

study is 12,5,

The miaer effect of the different X/D values (3.9 ¢f 3.5), was
neglected in arriving at this value, A ratio of 1.03 was noted for
(Zmlzc.gc) for the preseant data, Combining these observations allows
sn estimated Z_ valne te be ndded to the Kamotani snd Gieber center-
line distribution: see Figure 43a, It is noted that the present jot

peactration i5 much greater thamn for their study. A similar procedure
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could not be readily executed for the lower R value: 4, of their : ;
study since it would bave required an extrapclation from R=19 to .
: R=14.1 on Figure 34. However, the inverse process: adding their data
to a modified Figure 34, could be oxecuted and the results are
presented in Figure 43b. For this calculation, the Zn/zc.‘. ratic was
1.11, It is again noted that the Z, . vaiues are substasntially

jreater for the presenmt investigationm, : ,

¥ It is inyerred that the boundary conditions are responsible for ; f
depths for the stromg differences in the penetration depths for the 5 . J

two studies. Specifically, the increased penetration of the jet for ' i

the prosent study is attributed to the higher effective momentum flux

ratio which resuitz from using the average velocity exiting from the

sharp edge orifice, The velocity profile at the exit of the nozzle

used by Kamotani and Greber (1971) is iraerently more uniferm than P
that at the ezit of a sharp eodge ozifice and the momentum flux ratio, ‘

based on an average velocity, will be less for their nozzle. Another

D e e By T e For A IE, Lot T

important difference between the two experiments is the cross stream
boundary layer thickness compared with the jet exit diameter; &/d < .1 co- }

for Kamotani and Greber, 5/d = 1,3 for the present experiment.

3.5 Comparison of undisturbed with disturbed cross flow conditions 5‘

|

: I

| Figures 28-33 are contours of mean isotherms for the case where i
J

L _ the jet exits into a disturboed cross flow. The shapes of these con-
tours are very similar to those for the undisturbed cross flow case,

(Figures 22-27); ‘owever, the maximum mean values for the disturbed

4 |
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cross flow care are significantly lower than those for the undisturbed § '
crosy flow case, Additional differences are reflected in the contours
of constant temperature standard deviations (Figures 44-55) and the

associated histograms (Figures 35-42). -

The contours of constant standard deviction show dramatic differ—
ences betwoen the disturbed and undisturbed cross flow conditions.
The values of the standard deviations are larger for the disturbed
cross flow condition and the temperature standard deviation field is

larger than that for the undisturbed case,

The histograms reveal a great deal of information regarding the

differences between the undisturbed and disturbed cross flow cases.

For example, compare fignres 35 and 39, These two figures represent ]

the histograms for thermocouples located nesr the maximum contour

level for the spocified J velue and for the undisturbed and disturhed

AT s it e

cross flow conditions respectively, The bimodal characteristic for

the disturbed cross flow case, shows that ambient {(cross stream)} tem~-

perature fluid occupied this point in space for a significent fractiom ‘

of time. Similar histegrams exist for the larger J values; see Figure

A TITIL

37 and 41, These suggest that the jet trajectory excursions are a

sigrificant fraction of the jet width for the disturbed cross flow

cases, ‘ J

Six instantaneous time sories, each approximately .8 seconds in

length, were taken and stored for the T}~T;=61.1°C overheat cases:

J=21 and B4, disturbed and undistnwrbed cross flow conditions. These

42
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undisturbed ¢.f. 21
undistuorbed ¢.f. 84
disturbed ¢.f. 21

disturbed c¢.f, 84

TABLE 11,2 Cross stream disturbance

temperature field

[ ]

sc.g. 7t
341 +253
.233 .233
1.84 1.45
1.16 1,12

Csfs

Kst
067

-0.,13
_0-33

-0.45

effect on centroid
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time series were formed from periodic (At=0,64msec) and simultaneous
samples of the 64 thermocouples. The cemtroid ('c-s."c.g.) of the
instantsneous temperatore field was determined using equation IX.7 and
representative time series for the four ecrses are shown in Figures
56-59. {Note that the two coordinates of the centroid: 3c.5. and
t,_s,. are shown separately). The increased wovement of the jeot
column for the disturbed cross flow case is clearly seen ian these fig—
ures, The following table shows the results using all six of the time
series for the disturbed cross flow case and three of the time series

for the undisturbed cross flow case,

The correlation coefficient (K yagb/(040¢) results presented in
the above table show that the Y and Z motions of the jet are signifi-
cantly correlated for the disturbed cross flow case. This correlation
is considered to be representative of the cross flow itself rather the
dynamics of a jet in a distourbed cross flow, That is, the ¥y correla-
tion, that is suggested by the K., values, would be expected from the
large—scale secondary motion, for the rolated problem of a bounded
jet, as documented by Holdeman and Foss (19), The time series

rocords, Figures 56-59, indicate a low frequmency translation of the
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centroid. This is qualitatively similar to the (hot-wire anomometer

derived) snergy spectrum results presented in Figure 16,

Instantaneous isotherms can also be generated from the time ser-
ies takem at the high sampling rate, A selected few of these
isotherms are shown in Figures 60-67. These {sotherms were selected
based on the centroid time series shown in Figures 56~59. Referring
to figures 56 and 57 (J=21), one can see that at approxzimstely .2 and
.65 seconds thore are pesk excursions of the jet centerliie for the
disturbed cross flow case, The isotherms for both the disturbed and
undisturbed cross flow cise at those two instants in time are shown in
Figures 60-63, At the discrete poiats in time of sapproximately .3 and
.58 seconds, figures 58 and 59 (J=84) show peak excursions of the jet

conterline. The corresponding contours can be seen in Figures 64-67.

The migrating jet columm is clearly seen when comparing the dis—
turbed c¢ross flow disothernms, For the disturbed cross flow, J=84,
contours shown in Figures 66 and 67, the excursion is so great that
the resulting two temperature fields hardly overlap. This is also
true for the J=21 contours seen in Figures 62 and 63. The migration
of the jet column for the undisturbed cross flow case is not as severe

as can be seéen in Figures 60,61,64,and 65,

Comparing the instantanecus contours with the mean contcours, one
can soe thet the differences are greater for the disturbed cross flow
caso, The maximum values for the instantaneous contours of the dis-

turbed cross flow case are much larger than those of the mean
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contours. The mazimum instantapeous values for the disturbed cross
flow case do not differ significantly from those for the undisturbed
cross flow case, The mean temperature values are mach lower however,

because of the jet ceniterline excursions. -
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CHAPTER 4

CONCLUSIONS

The following conclusions are based on the results of the nresent

stundy.

i) Substantial diffusion of thermal cnergy has occurred between
the exit plane and measurement locatiom, since the wazimum tempera-
tures recorded were (.ZS(Tjet-T;) for both the undisturbed and

disturbed oross flow cases,

ii) The preszent data allow the sensitivity of the jet penetra-
tion, to the magnitude of the momentum flvx, to be quantified, In
general, the disturbed crosz stream case is less sensitive to the
morentum flux zratioalbeit the differences, between these two condi-

tions, are neither large mox simply exzpressed,

iii) The present results show thkat the centroid of a heated jet
has much larger excursions, for the jet exiting into a highly dis-
turbed cross flow than for a jet exiting intc an undisturbed c¢ross

flow,

:
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iv) For both the undisturbed and disturoed cross flow cases, an
instantaneous isotherm pattern cam be significantly different from the
mean isothorm pattern and this difference iz more dramatic for the
disturbed cross flow case, Specifically, the instantancous maximum
temperatures for the disturbed flow are similar in wagnitude to those
of the undisturbed cese whereas the maximum mean temperature is sub-
stantislly less for the disturbed cross flow compared with the

undisturbed cross flow case.
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Figure 11.

ORIGINAL PAGE %
OF POOR QUALITY,

Schematic Representation of Jet Trajectory, Showin
Coordinates (x, y, 2z) and Jet Coordinates (& n, 3
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Figure 26. u.c.f. Mean Temperature Isotherms: J

NOTE: s/d = 17.9(+ .7) - z/d, t/d = 4.3(+ .5) - y/d
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Figure 27, u.c.f, Mean Temperature Isotherms: J =284, T

NOTE: s/d = 17.9(+ .7) - z/d, t/d = 4.3 (+ .5) - y/d
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Figure 28, Disturbed Cross Fiow (d.c.f.) Mean Temperature Isotherms:

3217, Tigp - T, = 22.2°C

NOTE: s/d = 14.1(+ .7) - z/d, t/d = 4.2(+ .5) - y/d
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Figure 31. d.c.f. Mean Temperature Isotherms: J = 67, Tjet - T =22.2°C
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Figure 44, Undisturbed Cross Flow (u.c.f.) Contours of a Temperature ;
Standard Deviation: J=17, Tjet - T _=22.2°C
|

NOTE: Values shown are 1000X[T (s,t) - T ] /(T

j- T.)

s/d and t/d as defined for the mean temperature isotherms |
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Figure 45,

u.c.f. Contours of Constant Temperature Standard

Deviation: g=i3, Tjet - T_=41.7°C

NOTE: Values shown are 1000X[Tc(s,t) - Tm]rms/(Tj -T.)

s/d and t/d as defined for the mean temperature isotherms
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Figure 46.

u.c.f. Contours of Constant Temperature Standard

ATSecatadl 4 - 5
Deviation: J=21, Tjet T =61.1°C

NOTE: Values shown are IOOOX[TC(s,t) -T3 /T, -T)

w rms’ * @

s/d and t/d as defined for the mean temperature isotherms
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Figure 47, wu.c.f. Contours of Constant Temperatu

Deviation: J=67, T - T, =22.2°

jet

NOTE: Values shown are 1000X[T (s,t) - T 1 /(T.

s/d and t/d as defined for the mean temper
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Figure 48. u.c.f. Contours of Constant Temperature Standard

Sbatihted) : - 5
Deviation: J=76, Tjet T_=41.7°C

NOTE: Values shown are TOOOX[TC(s,t) -T 3, ST =T

rms’
s/d and t/d as defined for the mean temperature isotherms
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Figure 49. u.c.f. Contours of Constant Temperature Standard

Deviatien: J = 84, Tjet - T =61.1°C

NOTE: Values shown are 1000X[T_(s,t) - T, 1

/(15 - T,)
s/d and t/d as defined for the mean temperature isotherms
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Figure 50, Disturbed Cross Flow {d.c.f.) Contours of Constant

Temperature Standard Deviation: g = 17, Tjet ~ T =22.2°C

NOTE: Values shown are 1000X[T_(s,t) - Tm]rms/(Tj -T)
s/d and t/d as defined for the mean temperature isotherms
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Figure 51. d.c.f. Contours of Constant Temperature Standard
Peviation: J = 19, Tjet - T =41.7°C

NOTE: Values shown are 1000X[Tc(s,t) - Tm]rms/Tj -T)
s/d and t/d as defined for the mean temperature jsotherms
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Figure 52, d.c.f. Contours of Constant Temperature Standard

Deviation: ¢ = 21, Tiet = Tu ™ 61.1°C

NOTE: Values shown are ]OODX[TC(s,t) - Tm]rms/Tj -T)
s/d and t/d as defined for the mean temperature isotherms

OGP PR
-




S T e

12

- +

i

Figure 53. d.c.f. Contour of Constant Temperature Standard
Deviation: J = 67, Tjet - T, = 22.2°C

4

o

NOTE: Values shown are 1000X[T (s,t) - T 1.
s/d and t/d as defined for the mean temperature isotherms
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Figure 54, d.c.f. Contour of Constant Temperature Standard

She _ M !
Deviation: g = 76, Tjet T, = 41.7°C

Vajues shown are IOOOX[TC(s,t) - Tm]rms/Tj -T)
s/d and t/d as defined for the mean temperature isotherms
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Figure 55, d.,c.f. Contour of Constant Temperature Standard
Deviation: J = 84, Tjet - T, =61.1°C

NOTE: Values shéwn are 1000x[TC(s,t) - Tw]rms/Tj -T)
s/d and t/d as defined for the mean temperature isotherms
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Figurs 60. Undisturbed Cross Flow (u.c.f.) Instantaneous Temperature
1 Isotherms, J = 21,Tjet - T_=61.1°C, Time = .2 sec

T -T
NOTE: Contours shown are 0 _; X 1000, s/d and t/d as defined for
jet =
"the mean temperature isotherms
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Figure 1.

NOTE:

¢.f. Instantaneous Temperature Isotherms
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u.
J 1, Tsp = T =61.1°C, Time = .65 sec
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@

Contours are w——r—
jet =

the mean temperature isotherms

X 1000, s/d and t/d as defined for
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, Figure 62. d.c.f. Instantaneous Temperature Isotherms
: J=21, T. . ~-T =6861.1°C, Time = .2 sec
* Jjet ]
P
¢ TO--Tcm
NOTE: Centours are y——— X 1000, s/d and t/d as defined for
jet ‘=
the mean temperature jsotherms
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Figure 63. d.c.f P J
J =21, Tjet - T, =61.1°C, Time = .65 sec
TD-Tm
NOTE: Contours are s——y— X 1000, s/d and t/d as defined for
jet =
the mean temperature isotherms
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Figure 64. n
Tiet
T -T

oz

u. .
J =84,

NOTE: Contours are 2 —— X 1000, s/d and t/d as defined for

jet e
the mean temperature isotherms
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T_=61.1°C, Time

c¢.f. Instantaneous Temperature Isotherms
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Instantaneous Temperature Isotherms

4, Tjet - T_=61.1°C, Time = .58 sec.

Figure 65, c.f.

o —h

u.
J

T -T
NOTE: Contours are z——x— X 1000, s/d and t/d as defined for
jet =
the mean temperature isotherms
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- Figure 66. Disturbed Cross Flow (d.c.

c.f.) Instantanecus Temperature
Isotherms, J = 84, Tjet - T = 61.1°C, Time = .3 sec.

T -T
NOTE: Contours are 7 9 _? X 1000, s/d and t/d as defined for
jet =
the mean temperature isotherms
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Figure 67. d.c.f. Instantaneous Temperature Isotherms
J =8

4, Tset = T ™ 61.7°C, Time = .58 sec.

T -T
Contours are 2 _? X 1000, s/d and t/d as defined for
jet =
the mean temperature isotherms
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