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" Behavior of thermal enetgy utilization fot stea.;

floodxng prOCesses - was obsgtvad eipetxnsntallxbxn a. vater-;
. ‘5

v

saturated unconsolxdated core. The core vas a 6 in. by 6 fe.
adxabatic lineat cxrcula?’nodel, with a p.:neability of ?9‘

darcies and a porosity of 42%. ' B L

.
P

The vatiables' which vere studied vere dip angle, .
injettion.tafe, qualiny and pressure ~of stean,.'and the

locafxon of tbe 1njection port.
/ ! S . ) ' ' B R {
‘VYariation of the- d1p anqle for the study was vertical

dovnvard to uQo upuard in terls' of ¢the posxtion of the

.1n)ect10n port. ?our dxfferent qualities of. 1nject1nq steal
\B {

vere chosen, varyan betveen 51 and 100! steana The rafp and '

pressura of stean xnjécteq.tanqed between 0.103, anq ‘9.385‘

!

¢
L

- lb/ain and betveen 51 and 204 psia,f'tespéitivelz. Two
locatxons of the injection port vere selec*ed one at the

1

_ centre of the 1nject10n plane, and the other at the _botton

of the 1nject10n plane. ' _ ,

&tavity évéfride vas pronounced'fof all.thp 'rhn55 The
shape of thé steal front vas dependenf on tﬁe 1njnct10nv
rate, dip anglé, and location of the 1njecf1on port, " but was '’
ndot affected 519nificant1y by the 1njec§;on p:essure and
quality of'injected steal. That is, for the horizon*al flow,
inf thé cases of ‘higher xnjec;lon tate and lover, lnjectxon
poc*, the slope of steas front vas steeper; con;:quently the

hot vater.zon@_developedffoﬂ&&hﬂse cases was narrower *han

SN U : , ) . N
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' 'M’1 - for the cas.s of ;ovet injection tate ot staan and hlqhet

) . . ."l L} ‘o v : . .

\\\ : location of sctioa Ort. T, | . C
K N | q‘_,__‘ ’iu,} 2 R — T
‘ '$\>\\‘ o The q:ovth of the Stean zone vas a linear functxon of F'

‘fﬁﬁt elapsed tile@,tor i tixed lljection rate at a giv;:\\\

*

1nject£6n\gpessufe, and of the §uality of steal.f The- steal

'j} . zone size was p_' cipally défetlined by the alount of latent )
heat 1njected, but naq ot iqniflcnntly dependent upoh the.
., ! e
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Of a1l the ﬁeavy oil . tccovery ngthoﬂl, stoanﬁloodan -"y
- has been onc of tlb most attractive t:lhniﬁues in rﬁcgp’.
. year;. wn drder to &esiqﬁ an ettic&ent qtealflbod, é@ is ;“ﬁ*
L h neccsnaty to undegstand hov! the ﬁtoperties of ‘the :?hAe ozl LT
. vater and tqéetvoxp vary with telperatute and how these L d
) prcperbnngn 'int%ract i&:hin" . the ) teservoin ‘; %Pr;nq- «.;f
. _s't'ealf;l‘oodtné. "_‘ ‘ , I ' " \ 

. k W 5
lcqurate 1nforlation concerning hov reservéir and fiuid’ * o

¢ Y

.

}%’ propobtias vary vxgh tenperature, and hov they 1nteract,,1s.

f dxrectly nsefnl not only in the deslgn and ~opegaﬁxon ‘a

7’stealflood process, but also to tes; theo:etical approachék

4 to 1l;rove the nethod of btedictlon. In~§he early stage !cg-;
bxtunqn recovety by staalfloodlng in some localitxes, ste;n
?Q' 1njecte& into the _ water bear1nq zone vhete, affer'{

3

'xnjectxon of steal, only vater and steag é&1st. To qptinxze

~the: ntilization of injected heat in the"fotlation, it is

necessary to uidatstand the behavion-of vnter‘and steal in 'Jf*z“

- Che .

A’the porous lelu. durinq stealfloodan. o . . fT",.Vgﬁﬁ
s, - ) . b ’ = . e T
The effect of . éip anqle.¥0n::qnav§p¥ override,. g;!
'conseqnent effect om tgé; gtontu ot/ the stean zone€ Qte?fﬁﬁé
necessary inforlation for ptoper desan of the operatxon. It : ;ﬁ,'j
is also desirable to knov the .influence of the 1njectxonll ;i; T
rate of stean, and- the quality 'and ptessnto of steal ‘to be .;;r”_ V
. Caiatn om
.injected: for .a\ given .reserv01r,_ to achxeyel thg‘. bést ?T. .
.peffbtlance, ’»> \ | - ‘ o ' ;_ o ‘

!

A . v \."r
/ of SR
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In 1969, Baker! published experimental results of a

heat flow study in s*éamfloodinq, vith steam displacing

H

water in a plane-radial system which consisted of productive

.interval samduiched bet ween an overburden an- underhurden.

|
t

He dascertained that:

-

(1) the heat loss to overburign and substratum was a
function of time, byt d4id not depend on injection
rate;

-

"(2) a significant vportion of the injected heat was
contained in the. hot water <zone ahead of anA
underlying the steam zone, and the size of the hot
water zone dependeyl on injection rate; anAi

“{3) considerable gravity owverride was observed.

Later he also presented the effects of injection
pregsure and rate on formation heating by steamflooding in
the same model used in- the earlier experiment.2 Hegt losses,

vertical swveep efficiency, and steam zone volume vere

-

de*ermined for steawn displacing water at different rates and
Pressures. Once again he concluded that:

(1) heat 1loss to overburden and substrdatunm, as a
percentage of 'the total injected, is alnoqt qololy a
function of tinme for 4 given reservoir;

{(2) the volume of the steam zone was found to bhe a

. tunctiop of time and the 1imensionless injection

parameter, - ~ . - )
‘v ) ,
: g L /hk (T -T,) : and _
.- o s i - -

(3) vertical sveep Pfflctoncy depends mostly on’ injection
rate - improving at hther rate - and has nlp mal
deppnipncp on pressure and. fluo . S

S ‘ : \_ - v . . . . . ‘
_ The- ;eifeét of pressure , -on - the thermal, epergy
utilization :vas~~-ihp1icit1y axbresbed - in the . above

dimgnsioﬁles§ (injpctiqn‘pardueter term, indiciting that'thd

“
S ¢ . B . LY Q
. @ ‘ i s e

-
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main rontributlon to the hpatan process LS due to the total

»

thermal energy injected and is. net attributed to the

pressure itself. \ ’*7
~ : L 4

_At  the onset of this work, hovever, no experimental or

theoretical information vas aiailable reqarding the effect

of dip angle and quality of . Steam- injected on gravity
. ( N

override and” steam =zofe qrovth * during steanmflooding

"

processes.

[y

'
» PN

Por this reason, it is de#girable to investigate the
0 ,

~influence of dip angle and various injection conditions of

N

~steam on gravity ovwrride, steam zone growth and shapn of

sfeau front during steamflooding nroroqsos. It is of course

impossible to obtain all the lnformation(?ver the vide range

of ‘these parameters of interest; howvever, experimental datax

over a sele’d range of these factors are still useful not

only in theaselves but also as supporting information for

the prediction of the effect of other factors. S

An adiabatic core was eaployed +*o investigate abdve

~

;entioned phenomena for sinpliéity, sipce all the heat
in jected stays in the- experimental . porous medium. Fven
though flood 'Datterns in uoét actual reservoirs are radial
and non-adiabatic, after reachinq steady state, tgp flow
behavior becomes close +o iinear. Pﬁtthernorp, the middle
sdéction of the fLﬁod is nearly adiabatic, since : the
surroundings are 1in theraal quilibriun vith-;his éentral

v

partion of “the flood.

Ly
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ii)
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ConSequently the aim of this work was:

[ IS

to construct equLpnent ‘whtch is  suitable for the
study of recovery of heavy o0il by steamflboding,
stean—chenlcal floodlnq, or gteam-solvent flooding;

to ohgerve gravity overri'a, s*oan zone growth, shape
of steam front and’ deVPIOpnent of hot water - zone in
the wvater-saturated core for the various. dip angles,

injection qualities of steam, injection rates and

injection pressures, and locations ot injection port;
and ‘ ‘

«

to make qualitative analyses of the results.



APPARATUS AND METHOD OF EXPPRIMENT - "

",
\

. . . A R :
). Description of Apparatus and Material Preparation

\
k4

W
\

’ The main part of ;he' equipnent bodsistud of a fopd\
pupp; 4 stean qenetator,:an unconsolidafed core chaiber,' a
product . iéﬁifold a dovn qttnal flov control system, and
tenppra*urp and pressure rdcorder,. The subordinatp par¢s
5 .
verae ar.water still a feed-vator tank, a u91qh1nq.5calp‘ a
calibrated P1*o+ ‘tube flow npfpr, heat exchanger T a stoan
1
Aryer, a flow ‘rato,noasurinq.dnvice at dowg stream, and a
/ ,

high preasure Ruska pump as' a cold water, chemical, or

solvent injector. The schematic flow diagram is shown in

i

Figure 1.

Unconsolidated Core Chaabe

——

The unconsolidated core chamber consisted ..of a steel

pipe, 6.625 inches in outside diaieter, and 71,5 inches in,
o

lengt h. The}core chgnber had aAd.§75~inch thick cement liner
which reddcéd‘ heat  transfer betueen‘ the' inner materi%l
conféined within the pipe, and the steol pipe 1tseLf. "The
production end ¢ap was fabricated with \J/B;;nch radial
gdrooves to allow fluids to flow tovards the central“par* of
ftberbroduction end. Additional Lnsulatxo; vas coaposed of a
2-inch layer of light carbonated coqnercxal naqnesxa. Pohr-
hundred-mesh staLnless steel screens were vplaced at both
injoggion and. product io® ends - to keep the unconsolidéted )

sands in the chaaber tros being carried away by fluid flow.

5
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Porty-one ifron-constantan theradcouples uetellocﬁted along
the core chamber to monitor teaperature distribution at_any
time duriné thevexperinehts.’The detailed dimensions of thé
core Chahber; Snd the locafion of ' the ;hernocouples  are

i % ,

shown in Figures 2 and 3, respectively. - '

Peed Water Treatment ' . ' ' 1'

RN 1

Laboratory tap vatér wvas boiled in a vaker*still and
the.vapor was condensed to obtéin lﬁiueral freé distilled
-vdter . which vas gollected into a 25§gallop feed-vater ta'nk

placed on a veighing scale. To re-b?e the dissolved oxyggn
 from the distilled wa®er, nitrogen was.forced th;oﬁqﬁ frbn
. £he botton.éf'the tank for a few w®inutes. To ensure the
coaplete removal of residuat oxygen .and thé removal Gof
inéoninq oxyqen,fro; the at-osphefe,,‘hydtazine was ~t§%n
added in the water tank, in excess'of the &Iéunt neededl to
feuove?tﬁe Qxiqen diésolvéd in the vater at a?losphg:ic

pressure. ‘ , .
i : 4 Bt wt

by

»

Thére are generally three
N A

-

(?thods of removing oxygen

from process waters: by deaeration equipment, by chemical

scavenqing and a combination of thase twvwo methods.3? Chemical
t - : S .

treatments' are used very often since they ate simpler. They

are;

, catalyzéd sodium sulphite,

Na250301/2‘Oé-d—->la2504;

' .

and hydrazine wvater solutioh,

o Ny H, 40, -=-=>N,+2H,0.

»
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Steam Generator

10
Even though the use of hydrazine is nore.costly, it vas used
in this experiment because it does not leave any precxpxtate

1n thp treated vater.

A 25-gallon plastic container was furnished with a top
lid and 4 floating cover, which prevents the disrilled‘vdter

tn the feed tank from contact with the air above the vater

surface., : '
Feed Pump

-
( .

To supply. feed water into the steam generator a_

MilRoyal controlled-volume pump was installed. The pump

f

(model A, MR7-55113-SN MilRoyal Siaplex Prame A Puap) has a

-maximum discharge pressure o€ 850 psié, ani a néximul'

discharge rate of 24 cc per second.

' )
] ! -
-

An Ebcor steas generator (model VWo. 6-60042) vhich  has

A maximum prdduction capacity of 2% grams of 100% steanm per

second and is operable up to 600 psig, was used to produce
: . e

Steam. The generator is oqulpped vith three electrodeq vhich

are immersed in the vater of the boiler tank and was

initially desigﬁedﬁfor the electrical energy input to be

controlled by adjusting the water level in the tank for a

fixed salinfty. However, the fluctuation for a set pressure
i
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-

4

#as +12 psi which was too high vhen one desired to rum at a

lov level of pressure. Por that reason it vas fnddifigd‘ so

that the electric current input vas controlled by an on-off

4 » \
- switch. This wmodification kept the pressure variation within
. , .

15 psi which was satisfactory for most of the experiments.

P .

Production Manifold

r .
Thirteen 1000-cc and ten one-gallon stainless steel
sanplers -, vere coqne%ted in parallel fashion 'to collect
producrs at succpsqnve time intervals. Rach sampler had ~+wo

. ball valves at its upper and lover ends in order to isolate

it frpn the rest of the manifold systems once it was filled.

Production Rate Controlleg o |
. - -

In order to maintain a constant effluent rate. of the
products, a Poxboro flow rate controller was installed at
the end ‘of the manifold. The maximum allov?ble'flou rates of

this controller vere 2.1 qaﬂ!%ns per hour at 50 psid’ and 8

Jallons per hour at 400 bsid.

I_Jgsiigé'ﬁssggagssgx_g ent
. ~ | ; N

A calibrated Pitot tube flov  meter was installed
diroctly at the outlet:of:the Stean qengrdtor to ensure that
100 % steam passed through *he flow meter. A 1/8-inch

stainless steel tube of mediun uall thlckneqs vas 1nserted

concentrlcally into the 1,/4- 1nch sfalnlpss qteel tube line.

i
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The differential pressure was wsonitored by a 25-psid
érpssure transducer and the resultant voltage .drop due to
the flow of steam was recorded on a strip chart recorder.

The injection rate vas indirectly controlled by requlatiﬁq

'produc;ion rate. This was accowmplished by observing the

recorded output of the Pitot tube flov meter, and adjusting
/

the flow rate accordingly.

Steam Dryer

The Pitot tube flow aeter was followed by a stean dryer

which generated suPerheated stean by hea*ing further the -

Steam produced from the steam generator. Stean coull flow

!

through a, bypass arrangement when sSuperheated steam was no+

required. The, stean dryer consisted of a stainless steel

coil 20 feet long, and a mércury switch which maintained. a

constant pressure! in a little boiler containing saline water

l'('

the same as the above-mentibned modified steam generator.

Since the temperature of steas is a function of  its
o ' i

saturation pressure, theé setting of the pressure of the

lercdry switch was dependent upon the temperature of

superheated steam requited.

..... ——___—

Temperature and Pressure Recorders

Two Honeywell temperature recorders, each having 24
terminals, were eamployed to record &he teaperature variation
of each ther-ocduple by sampling each thermocouple evéry tvo

H -~
i

i

!

- as an electrical conductor. The principle of the control wvas .
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!

minutes. The telperature error appeared to be ¢ 20p, |

- - J—

”inéiuﬁinq the thetlocouple error. A Honeywell- pressure

frecorder vags used, together with a\calibrateﬂ 1000—p§iq

. o
Heise bourdon tube gauge and six Cellesco pressure

-

‘ ‘ ' |
transducers, to monitor pressures at the stéam generator and

the in jection port, as well as pressure dtops’across the

vhole core and betveen the inner ports.

Steam supply Line f

i

An 11-foot steam supply line consisted of 1/4-inch o.d.
/ .

stainless steel tubing with a vall thickness of 0.035 inch.”

The tubind was sheathed with glass fibre pipe.insdlator“
| : :

making the final digmeter of the insulated line 2.5 imches
thick. Alusinua foil surrounded the insulated lline +o
further reduce the bheat loss Hy radiation. Pour = iron-

constantan thermocouples  were located along the insulated
. i

steamlipe to meisure the surface tenperatupes,'in-order that

heat loss through the surface could be, ca&culated.

'

0il Sand Treatsen
7 ' o

.

} L : .
Sand from a well located in the Llopdminster oil field

vas treated by repeated sbakihg vith toluene and stean
l B . ) ;

several times juntil the vashing fluids vere"élean. After

'this treatment it wvas dried at 000° F for 24 hours. It was

5

then 51eved and only ‘the .fraction betveen 48 and 400 mesh

was used for packing in the 'core chanbet; The sand vas

packed in the core éﬁalber and compacted by air vibrators
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) . _ . ‘ . A
until no futthe: cqppaction was detected. _It usually took

S “about 36 hours of vibration to achieve !a complete

compaction. The total sand, charged wvas 108 lbs.
Q’.' . ' :Hr o ‘ ‘. ‘

iu g_.g Permeabi i.i..‘ of the cote

quosity of the core was determineq by var1ouq nethods:
i ~ :

by Boyle's law (43 %X); by the grain densxty r@thod (U@ £) ;
L

by measuring ve1qhts of a fived: alount of sand, first dry
and then saturated v!t%.raﬁer, and coupling this lnfor-atxon W
vith measurement of the final volunme of the vater-saturated

sand after compaction in the vater (38 %) indxiy saturarinq

. the core with distilled vater (42 %). The .4 tilled Hater-_.;‘

v

§aturation method proceeded thus' 1n1t1a11y the core vas

yevacuated and distilled wvater was’ llblbed 1nto the core, and

{

the amount of wvater charged was neasured4 Then wmore ‘water
: [ A

vas 1njected into the core by a high- preaeure Ruska pump to -

5

around 200 pSlg and the pressure drop was observed. Doing‘
this renoved the free a1r in the porous.uedxun by dissolving
air 1nfo th)*uatet. The dxstxllad vater Was 1njected by the
pu-p uatil no further change of pres#ure uas" observed. The
distilled water injected by the pump was norually between
300 and 800 cc. This auount of vater was added to the amount

i

: |
! of Jater 1-b1bed after evacuatxon. The total a-ou%t of water
i

was converted into the volume which became ‘the pore volume
of'the core,
, -b .
' Permeability -was Reasured accordlug to Darcy's law by

floving air or water. The resultant perleabxlxtles obtained

“f
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by the above-mentioned two diffa:entmfluidg_verewidentieai%:L;
ot Luid . .

and appeared to be 19 darcies. . ' - . %u

i . L ] [

2. Procedure and~net\od‘ot Experiment : c .

]
Prlor fo thqg injection of stean the core vas set at a3

desired dip angle. The steam geﬂetqtox vas set at the

AN

desired pressure, with the sisultaneous starting of the feed

r

pump which wvas resﬁbnsiblq for maintaining a constant level

of water in the steanm qenerﬁtor. Saturated stean passed
SEeq \

through the steam line and bypassed to the at-ohtherea unt11

the stean qenerator and the feed pump reached a steadyhsta*e
- : 2

condxtion. ;' - e e e

@

After the stabxlxzatxon of the stoo{ feed systenm, the
inlet valve to the core was slowly opened, and subsequently
the core ‘vaéA ptessqf;zed to the p;essute of the stean
generator. “Then the . outlet re@ulating’ valve wvas -Sek to

achieve 4a desired effluent rate. The effluemt vas cooled by

»

being passed throgqh'a condehser,}and véfe Fconducted -into
. . - - - . ‘

the - mampifold which was initially ‘Ehapqed vith distilled

vater. the produced fluids purged the distilled vater in the’

manifold by entering froam the tdp of the'saiple:. The putqed

-distilled. water vas ﬂqollected in a calibrated neasurlng

cylinder to indicate the total anoulf of effluent and to .

dllov measurement of the flow rate of the effluent for a
qiven time interval of 1ntprest. During the rum the
teuperatu:e of each thernocouplp the pPressure of the stean

supplied, and the pressure A4rops aéross the core and the

-

@
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Pi*ot tube flow meter were recorded.

D"tormxndflon 9f Steam Quality at the Injection Port

Steam qualify‘at the injdction port was determined by

the equation, - o
, X T x - 1 (, L
8 . g qh /9 v
where X = rho steam qudllty a't the injocfion port of
‘ “the core, P '
X =-fhp steam qualit at the dxvcharqo poxnr
) q Y
7 3f the steanm generator (=1, Q), R
’ : g = the hea 10 € rate from the. rream li$\ )
h Btu/hc/ft, | K ' S
1 = total lenqth of the 'steam line; ft,
~ q. = tho'averaqe mdsé.flov'raféi¢f Steanm,
. 1 lbs/hr, a o g
and L. = the latent heat of the floving steam at.
~ V- the average pressure of the stean

generator and’ the injection port of ‘the
core, Btu/lb. -

s
’ . ’
] L.

The haeat  loss to the surroundings is Juée to natural
< . . )

convection and radiation heat tramsfer mechanisms, The 3unm
of these two heat transfer, ra*es is the same as the

conductive heat transfer rate through the steam line tube.
. v Ay . M .

and 1ts insulating sheathing. Ma*chifig these twos factors

with the aid of weasured temperatures of steam and the
P :

temperature at  the exterior surface of the insulation

materials, one éXn eqtllate the hpat loqq rate -at a given

temperature of sredn. The detalled'le*hod of the calculation

mdy be obtained trom TrUJano, et al.*, and’ is reproduced in

Apppndlx A.



e
i ( . . . . .
A5  presented in Appendix A, the calgulatd  stean

quality was in good agreement with the steam quality

meafured by the calorimeter. All the stean qualities
4 - o - )
prvsgg*ed . thereafter ' wer® ‘calculated rather than

exper imental.

‘y -
© . .

4

—_———— e R

ﬁuasu;o-enr'gg Injection Rate of Stean
v - -
The total mass of steam injected into the systea could

be measured by _observing the change in weight of the water
in the feed tank, or by.a mdterial balance over the total
effluent,  initial water amount in the core, ‘and water

required to refill the core after the ryn. The total amounts

- .

of produced steam-calculated by the above nmentioned “two
N 9

. . :
met hods aqreed within S X. The total amount of stean
. - » . )

produced was divided by the fbtdl‘tiup elaﬁs;d tor the run
%0 give the average injec;ioﬁ' rate 'of Qtean. Ther
instantaneous stean injggTTgh rate could bvr ﬁeterninpd by
the change of. vater in +he feed - fa?kffor'd givenﬂ;ihp
interval of interest, and the accurate instantaneous stéan
,productionhlrafe could be obtained from the meaijrement of

the calibrated Pitot tube flovw meter.

i .

The measurement of input ~power rate, together w:th

knovledqe of the heat loss éﬁrouqh the surface of the steanm
- generator to the surroundings, gi%gs the net electrical
energy 1input due to the steam generation. This information,

coupled with knovlédge of ¢the condition of ‘the 'sfeap

produced and t%tal time elapsed, enabled the calculation of

.



¥

18
the dverafﬁ produc{ion rate of steam, and the total Steanm

produced, - 1 E

"

The above-mentioned four independent methoids for

measuring the amount of steam Jenerated and the averaqe

injection rate of steanm vere in good agreement with one

danother. The detailed calculation methods and cComparison are

presented in Appéndix B.

steam Qualjty Comtrgl

The steam injected might be either superheated sfean,

steam of wvarious levels of quality, or hot water (zero

quality steam). To generate superheated s}ean, the steam was

Passed through the stean drypr. In the case when a lower
quality of steam was required, cold water at thesame
pressure as steam was injected at a known rate by a Ruska

puhp.‘~The quality of the steam after such blendiné was
A, .
determined by taking material and'enerqy baiances based 'on
. K 3

L N .
knowledge of the individual rates, temprratures, , and
Fressures involved in the injection process.

!

Longitudinal Heat Transfer Rate thiough Core Chamber
. ] .

The temperatures at the inner-vall ot the core (Nos.

43, 24, etc., in Figure 3) were always higher in several .

7

degrees than those at the outer-wall of the core (Nos. 131,
32, etc., in Figure 3) at the same longitudinal distance

from the injection port during a 3teanflooding process. This
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‘indicates the fact that heat transfer through the thin pjpe
wall of the core chamber was not significant when coapared
with the convectional heat transfer in the porous mediua due

to the fluid flow.



EXPPRINENTAL RESULTS AND DISCUSSION -

To investigate the influence of dip angle, injection

Late , jinjection.quality, injection pressure and location of

'

injéction‘port on the growth .of the steam zone, the shape of

the stean front and the development of the hot water zone, a

“total of 'fifty—one~ runs were conducted by injecting stean

into the distilled vater-saturated core. Table T summarizes
; B

o

differences between this experiment and Baker's!'? works are

shown in Table IT.

P

1. Vertical Downward Flood (One Dimensional FPlow)

TO ensure one dimensional flow, the first eleven runs
. were  conducted under the condition. of vertical downward
: . . 4 .

injection. . , ' —

i) Rffect of Injecfibn_Rate on the Groutﬁxof'stean Zone

Figure 4 shows the experimental results of ‘one
dimensional flov for the various injection .rates

ranging betveen 0.107 -and 0.252°1b of steam per minute

at around 95 psia and 99 X stean. quality. The

horiégntal lines indicate fhe.poéition of the stean
front at specified times after injection.

'

Except for the first time intarval in each run,
the steam front travelled equal distances in equal
time intervals. . The relatively . short distance

20

the various operating conditions utilized in this vork. The:

[}
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" travelled during the first sime period as compared to
~the others was due to heat lost to the flange of the

; N ’ S . . o - :
‘core. This suggests that the steam zone growth is a

[ i
linear function of the elapsed time for any injection
o N

rate vhen the other'conditions relaipkconstant,

Pigure 5 shows the general temperature profile of

typical 6ne dimensional flow. The sharpness of‘thq

developed was not significant in size.

Purt2§rwo;e, as shown in Piqure 6, the frac-.ion

of core.occupied by steam is directly ptoportioﬁ§1 +n

. the injection rate when a fixed time interval wvas
.. ! .

&

‘considered (62 minutes of injection of -each run; sée

Pigure 4). Also, a linear relationship between the

v

~injection and production rates, as shown in Figure 7}

was observed at a constant injection pressure and
. - . r . !

quality of steas.

All the above results indicated that the model

exhibited  adiabatic ‘behavior uﬁder‘ all operating °

conditions and that the avéraqe'steal’quality in the

stejl zone was about the same.

!

_Effect, of Injection Pressure on the‘Gtovth of Stean

Zone

.

Pour different pressures were selected to study
the effect of injection pressure on steam zZone growvth,

!
)
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the breakvthrouqh ti-e by steams was earlxer .than for

are shown in Fiqure 9., Here again,

-

i.e., at &57.6, 98.7, 146.6, and 195.6 psia. Figure 8

injection, for the indicateﬂ injection conditions. It
Y “ \
may be noted fron' Pigure 8 thpp, even . though the

injection rate and pressure vere 10ler on some runs,
the case- of h1gher 1njeatmon rate and pressure.
, i '

Hdvever, if one compares the awount of heat utilized

by steam condensation to increase the temperature by

one deqree, the results are sanh* i.e., I
(q )(txle to reach 0.5 of core 1eanh)(x)(L )/(T -T )

'27.5 ¢ 1.0 Btu/? (=constant)
]

for all different pressures. This  product is
" equivalent to the heat capacity of the first half of

~the core. This confirms -that the aodel behaved

Sdiébag}Ef{ly; Since at a higher steén.prgifure ‘the
bbrpespondiné saturation temperature is higher,
fherefore ‘the temperature gradiept‘b?tveen the core
and its surroundings is qréatér; and tﬁe heat loss is
expected to be higher, if the heat 'loss from the nodel

J
core is 51qn1flcant. ‘

Effect of Injécfion Quality on Steam Zone Growth
: . !

Ruhs 8 ih:buqﬁ 1, toqéther uifh Bun 2, shov the

performances of~the growth of /steal, zone for the

'

dif ferent 1nject10n”\qua11txes of{ stean. The results

shovs the steam zone qrouth vith time _after gsteam . .

g
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(qi)(time to reach 0.5 of core lenqgth) (x) (L )
. Y
= 66,500 ¢+ 1,500 Btu (=constant)
oxcept--for the 9§$ steam-quality case where the

product wvas 73,000 Btu.

-

In conclusion, for ideal . one-dinens{bpal flows of
stéd@flboding'processes, the size of the steam zone is

deterained by the total amount latent heat injected during =

given time interval.

2. Horizontal Plood (Two Dimensional Flow)

A
Since most reservoirs are horizontal or nearly so, it
is necessary to understand the behavior of - hotizontal.~

tlooding.

1) Effect of Injection Rate on Growth of Steam Zone

‘ . ‘
Pigures 10 and .11 show ‘the general effect of
,;njection rate on the grovth of the steam zone fér the
horizontal flood AASes: the former for the éentre
injig?ion_port, qﬁ@ the latter for the lover-injection

¥ o) port; As expecteq, as the'injectian rate increases,
l }ghe voluiefric‘svéeb efficiency by steam improves.
Piqﬁre 12“15 presented to gompare the temperature
distrib@@ion after = const%yt nasgf of 15.3 1bs of
_steatéﬁgd been injeéted under varying injection rates.
Once again as the injection érafol inCceéses, the

volumetric sypép 9fficféncy tends to improve. The
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’develgped during the steanflood process.

35

' !
. . .
1

, . . o N : )
circular. cross-sections f1llustrated in the figure show

.

the temperature distributidﬁ”ﬂaCtoss'thq'iid~Sécti6n
. /

plane of the core, normal to fbe ‘direction of the
. ' /
injection flow.

-

' i
Fffect of . Injection Pressure on Growth of Stean Zone

The effect of the injection pressure on‘ the over-

all temperature distribution and the Steam zone is
) 1

illustrated . in Piqure; 13. These results tend to
. . N ;
support the contention that, within ‘the pPressure range

studied, Pressure has relatively little effect"on the

over-all temperature distribution and the stean zZone

E

r

"Effect of Injection -Quality of Steanm on Temperature

Distribution o ) ‘
' % !

Pigure 18 jllustrates the effect on the over-all

r
temperature distribution of 1nject;ng 10 1bs of Stean

/ .
Ulth varying stean qualxtles. As 1nd1cated, the over-

/
all efficiency of the steam dxsplacement 'ptocess

xncreaseq as the quality of steanm 1ncreases. Pigure 15

.further 111ustrates fbé effect of varying the stean

quality. It shovs the over—all Eperfor;ance of the
system after a total of 8,880 Btu of latent heat haq
been injected into the coFe- The results‘indicqte that .
there is no significant difference in the‘over-all'

performance after injection of a ‘ﬂiiedn amount of
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|
latent heat intof-the' porous medium, regirdless of

differences in steam quality. {

Vi » )

Effect of Location of Injection Port on Angle of Steam

Front and Volumetric Sveep Ffficiency
o ’ ’ o

The ,vertical location of the steam-injection

-

‘interval affects recovery considerably. CoatsSs shoxed,

from the results of his/ numerical simulator, that for

: [ H
a thin formation, oil recovery did not depend on the

i

-location of the injection interval. For ‘a thick

fofuatiop, however, recovery ' was considerably

accelerated and increased as a consequence of lowering
v 1 .
the injection’ port to the bottom of the interval.

K - -

Tvo locations of the injection port were selected

to observe the effect of the port location on heat

dispersion behavior dhring a steamflood: : one at the
centre of the ihjection plane, and the other at the
bbﬁton of‘fhé injection plane._fhe performances vere
illustfated in Pigure 10 for thé centre injection port
and in . Figure :IJI'for the ‘low Finjecfion port,
qespectivély. Figure 16 su-iatizes the effects of

injéction rate and location of the idjection_pbft on
t

the angle of the steam front from the horizon. The

1

~angle of the steam front was measured fronvriqures 10

‘and 11. As presented in Figure 16, the angle of "the

i

steam front is aivays higher for! the case of the

bottom injection port at a - constant injection rate.

i
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8

.Also, a .injection- rate increases, the angle of the -

‘ , ) N ,
steam front becomes steeper for both cases. \

- o : 1 ‘
Fiqure 17 presents the“éffects,gf_}njection rate

and location of the 1njectxon port on the tofal stean

requlred to heat the core to stean temperature. The

,

total stean requ1red was obtained from Piqures 10 and

- i
11 by nultlplyan -‘the rate. of lnjectlon by the t1ne to

r

breakthrouqh of stean. For Runs 12 and 13 the core vas

not flooded by the injected steam at the time of

breakthrouqh; rather, only 67% and 90¥%, respectively,

!

Jf thz porous nediﬁ-‘ vas occupied by steam. For
cdmparison oﬁ. the sane: basié, the amount steanm
Lnjected into the core up :o ‘s;ean abreakthrouqh vés
dxvxdod by the‘ fraction OCCUplPd by stean- i:e., 21
1b/0.67 for Run 12, and 20.5 1b/o. 9 for Run 13. For

Run 08 in Pigure 11, the same procedures apply for the

same -reason: i.e., 25 lb/O 5. ks seen in Pigure 17,

the total stean required for the centre 1n3ect1on port

v oo
0051t10n vas alvayq more than fhat required for the

bottom injéction port, for the same injection rate.
!

' Also, for a flxed locatlon of the 1njec¢1on port, as

!

the 1nject10u rate lncreaSPS, the total steam required

decreases and  converges to around 15 lbs at 100 psia

i
i

and 99% steam quality. fhis>v1atter value is the
- minimum stéql required to flood the entire core with

steal,’unde;'the conditions of this experiment.

]
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' 3. EBffect of Dip Angle on Steanw Zone Gkowth and Telperdture

' core norsal to the direction of the injection flow.

sttrxbutiou

To study the behavior of steam zone growth and

temperature distribution for the different dip angles, stean

vas injected at lvarious dip angles from vertical downward to
' ' ' : t

i . ! !
409 gypward at a pressure of about 100 psia, and a stean

.
[

quality of about 99 X.

\
Piqure 18A and 18%,111ustrato tho pffecf of dlp anql&

7
on steam zo6ne growth. The 1njectxon rate of steaq vas held

"o approxxlately 0.16 lb/nxn. As efpected as t4e~ sxsten..‘

‘becomes, more horizontal, the volunetric éveeé efficiency of

| [

the stean decreases. As the inclination 'phanqesﬁ furthﬁt,

very severe steam -channelling occurs along, the Qopqu the'

porous medium, particularly in the cases when *he iangle of ,

3

dip was 20° of more.. .
Yo
3 ] ‘ - ‘ 1
In Pigures 19A and 19B it can be seen th&+, on the

: ]
basis of tho ‘temperature dlsfrlbutlon ater = 37 aminutes of

stegm injection, the displaCPnent efficiency of steanm is

¢

more favorable for the .down dip displatelént ca%es, and
gtaddally idecreases in 9ffic1ency as the anqv//éhanqes fronm
a downvard to an upward dlp.°HQ§y of the injected heaf tends
to renaxn‘;n the steam zone in the case of down- dxph floods,
wvhereas there is a 51gn1f1cant amount of heat s;oged:ih the
vater zones in the case of up-dip floods. Hqu igain . the. -

circular cross-sections illustrated in the fiqurds show the
‘ . R

temperature distribution across the mid-section pline of the
~ 3 i . - L
’ \

v



; ] “ - . .

‘ INJ‘TCTION CONDITION . - :
lnjccflon Rate: 0.133- OlGGIb/mm
Inj. Steam Quality: 98% and up . '

In]. Steam Press: iOP-lZS psla

" CORE PROPERTY )
| Porosity C a42%
Permeability 19 darcies
initial Water Sat. . IOO%_

0.159

\ e \\\\\\\

N \\
\\ \\ \\
“\\\\\\\\\\\ 035/ (Run 31)

0 150 \ UON %\\\ ~\\\\\§\

Al ©
I NN N \\\\ \\:\\\\\\\\\ § \\\ \\ )
: \ \\\3\ ‘“3;\\5;&‘\331\\::&" NN N8 \\ -0 230 (1w 37)
05 82 P il 13} & :
N

4

Figurec1sa EFFECT OF DIP ANGLE. ON

j . STEAM ZONE GROWTH

N

44

e



v

~023% (Run 12)

‘ j3?§:£7,:\§\‘§\>*§‘¢17§§—§\\\mgwx :k TR Y "§
134 min . ‘

NN SN ;?; :\\.)’.;"

A
n2

eI 003 (an 38)

NN

RN

e A o

mn
ANy v )
: . '\',,_\\gq\«.\:gf;;\ﬁl‘.\tr N L0233 (Kun 26)
) RSO
q STOTRONETT AR '

8 B
T I N TR T T

. “‘Al « 0230 (Run 39)

DRI g
e
v

Injection Condition «
Injection Rate * 0133 - 01681b/min.
Inj. S}eamQuality: 98 % and up
Inj. Steam Press 1 100- 125 psia-
Core Property
Porosity r42%
Permeability 19 darcies .
. ‘ . Intiol Water Sot. ' 100% )
Coated T * FIGURE 18

ffF[Cf'OF DIP ANGLE ON STEAM ZONE GROW 1 H



In). Rate : 016 1b/min
Inj. Press: 100 psia
Inj. Steam Quality: 99% |
320-335°F (Stcam Zone) O S s
N 250-320°F |
E7 170-250°F

(1 s0-170°F | RS
(J 70-"90°F ' X2

ar- ..o HORIZON

4“

Run. 33

~ Run 32

Figure 19a

TEMPERATURE DISTRIBUTION AFTER
37MIN. OF STEAMFLOOD INTO WATER
SATURATED €ORE - .

46



;

%_-(, v “1\1\\\\ \Wmm\\\-“:J"'“tx\\\\\\\\\\\\\\“\\\\““ .

s . '\‘\\ . . y J— e e o g T amas iy A Sl i

T ‘N\»\‘ﬁ-r’/; ; —_— T _ _ * flun 12
o - I

-

| - . BRI T '
: S TR TN TR -
...... f‘““‘\\\\\\\\\-\\‘ M B . e Run 30
L 0 \\“\\\\ \\\\\;\ s Y AT L
e ———— I et e - -
" e e e e
e e ‘
/ N ,,_c:,-f‘— 5 , e
et IR S LA T ‘ ,
eI Run 26
'
PARL
RIS
JENSRRRRE et
At “ :_v\\" .‘ LT -
e s Run 29
=/ AT

_» Run 40

.Inj. Raté : OU6Ib/min 2
In} Press © 100 psia
In). Steam Quality 199%

(] 320-3354F (Steam Zone)
RY 250-320°F :

(P | [7) 170-280°F
‘ g s _ ] vo- 170°F

. [ 7o-90°F '
FIGURE 198

TIMPfR/\TUR" DIGTRIBUTION APt 37 MIN -
OF STEAMFLOOD INTO WATLR SATURAIED CG\E



48

Pigures Zo.fhropqh 24 present another view ot the
tp-perature profiles at the injection port (#30), the centre
'of the wsiddle of the core (319), the upper end of the core

.
(*23), and the Qutlet of the cortl (#33) for the various
énqles of Qip;A‘fhése fiqprés ;:;sent’ the temperature
ptofflos'relatiﬁq to the a§° downvard, horizon%al, 100
degree upward, 300 uﬁvard and 4po upvdrd dip dndles,
rgspacéively, 1nject1nq stean at a proaquro of 100 'psia, a
4

-Steam quality of close to 100! and an injection rate of

‘approxinatniy 0.16 1b of steam per minute.

Al shown in Pigure 20, *he temperature profile heasuredv
at th;f;0couplés 019,:023, aﬁd t31 as a.functioh of time Sre
'Avnry steep, which indidﬁtes that the vdter Zone ' developed

vas 'not. siqﬁificant in ;xze for this partxcular case. For
the horizobtal flood, hovever, as qhovn xn ,F1qure 21, !the
temperature profiles uoaqured at fherlocoupleq #19 and ¢33
tend to bheconme less steep, Andicating  that the hét vater
zone developed vas sizablé.fIg is inteqestiﬁq to note that
Ati‘gﬁe‘systeq becoaes more inclined for the up—ﬁip' floods,
the telpérature profile shovs a4 somewvhat zigzag behavxor,
vhlch supports the fact that the stean zone developed during
the carly stages of tho steanflood was replaced by hot vater
'vhxch vas developed by condensation Qf the stean and/or
qravity segreqatxon. " This 'ph9h0lenul ¥as much 'lorg

pronounced at the upper qectxon of *he po;oqs ledihi_ (see

023 in quures 22, 23, and 24) .



\

Y

~ Temperature, F

- 140

/
i

Run 34

Ps-'lol psia
X=Q19\

340

300 }

260 |

220 -

100 }

60

Temperatur:

40 60 80 100
ElapSoH %ime,»ﬁin
.Figure 20

Profile of 45° Down Dip Flood

1

49



L LR

“ e s

{
j . .
" : 12Y)

! q =0,145

. i 1b/min 3 (™)

' l Run 19
P~ 100 psia '
' \ ‘ X = 99 % '

340

50

i q t- 4
o—320.2136
{33) .

1b/min

300

260

»
N
°J

Temperature, f"

f
[« -
o

140
100
60 M- - s S : i i : A b A
;0 20 40 60 80 . 100" 120. 140 160
. Elapsed Time, min
Figure 21 /
. Temperature Profile of Horizontal Flood



Temperature, F

300

260

220

180

140

lo0

60

Run 26
Ps=110 psia

A-d A

A 4-5\:”’
Hﬂ —————

: ) : I : "
20 40 60 . 80 lo0
' Elagsed Time, min

Figure 22 ¢ _
Tumperdture Profile of 10° Up‘Dip Flood

140

51



:, ' - r
|
{ i
.'h )
; ' e Run 4P 'v;
Ps = 101 psia
x =99 4
) f |
340 [- '
(30) .
' 300
{
L 260"
220
* 180
v
v
P
Iy
o
L‘ >
& 140
8
] \
E“ r
‘ 100 |
i : . <
L , - -730)
,, ST q,=0.156 1b/min ,
60 : . — s .
0 < 20 40 - 60 80 100 - 120
) Elapsed Time, min
‘ Figure 23 : .
L ':‘cmp-_-rat/-urc Profile of 30° Up hip Flood




.

Temperature, F

340 L,_~\\

300 |

260

220

180

140

100

.Run 41

B§ = 102 psia ‘
X =99 %

.“7*7_*_1\0 A

qO‘O.ZbZ lb/min

53

|

80

100 120

Elapsed Time, min

Figure 24

- Temperature Profile of 40°

Up Dip Flood

140



Effect of Injection
Lgcllned Porouq Mediunm E
| ~ ;
Pigure 25 deuonstrateq the teaperature

.dlstrlbutxon after 14.4 lbs of qfoan vas injected into

a, 100 up—dlp—xnclxned porous ledxug at various

‘injection rates. As illustrated in Pigqure 12, as the
! {
injection rate increases, t he volumotrlc svweep-

eft1c1ency by sfean tends to anrease. In the up-d;y.

i ‘ inclinqﬂ;;;- 1.se,,houever, tﬁe volulefrlc svepp

ipuch affected by the 1nject1on
'-¢
.f the horizontal flood Proa this

he e“ected that "for an up-dip
: /
”°Lnject10n,_as 1ngY;natlon xncreases, the effect of the
’ ¢

‘1n3ect10n rate (on tho volumétric sveep pfflrlency vas
TN

‘not as pronouncelt as was the case for a down-dip flood

or a horizontalidtive.v

|
|

Even though the above experimental work has no

direct  field applicability, tostill gives good
xnforlptlon on the behavior of stean d15p1acinq vater

v

in . a porous ledlun. These results could be applled to
;'the problel of 1nject1nq steam into thg*‘vater table

during the early life of a tar-sands recovery project,

or as a teftiary-recovery technique in a watered-out

reservbir.,
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CONCLUSIONS

e e e S
| ~

An adxabatlc llnear cxrcular nodel for the‘ study of

-

steanfloodan vas constructed and successfully tested.

4

I ' . B . [}

The experiment was Gonducted by injecting steam into a

distilled-water-saturated core . to study the effect of
injection raté, injection pressure, 'qpality of steanm,
location of injection port, -and dip 'angle of the porous
dxstrzbutlon, and the total stoau requlred to \teach stean
breakthrough and to heat up the entire porous medium to

| . :
steam temperature during the flooding process. ‘
. [N

For the c’se of one-dilensxonal flov, the qrovth of the
steam zone yas pcxncxpally telatpd to  the anounf of the
latent heat &njected' The effect of thelpressuce and quallty
of the injected steam on the'qrovth'of Jke'steal zone and/or
\tenperature dlstrlbutxon vas not sxgniflcant over the range

of stoau pressures and qualxtxes studled in this vork.
. . . o ‘
FPor the case of two-dimensional flov, however, the
qrbvth of the stéal zone and telperature distribation were

D
sensitive to the rate of 1njecf10n and the locatlon . 0of the

xn)ectxon _port, but vere not nuch affected. . by the ptessure

and quality of 1njectod steam. That is, in the cases of the

lover injection port and the higher rate of injection, the

volumetric sweep efficiency vas hther.j Even though no

dlrect comparison. vith Baker's tesultslcan be lade, the rate
- W

-‘.'-,‘_o

sensxtlvity] of ‘fb oluletrxc sveep efficiency aqreed with

. A

- medium on the growth' of . the stea- zone, the telperatqre.



~7 .

’ : ] ’ . ’ ‘ \
~ The teaperature distribution and the volumetric sveep

- efficiency 'during the steasflooding pfocesses vere affected
: : R \
significantly by the angle of :dip. The displacemeat
efficiency of .steam was nmore ‘favorable for the Hovn-dfp

‘floods, and gradually decreased in efficiency as the angle-
v ‘ . ' I ‘ !
Changed fron Es dovnward to an upward dip. Most of the !

1njected heat tended to remain 1n tho steam zoné in the case

of dnunndxp“frboﬁk, vhereqs there vas a significant- amount
. of | heat ostored‘ in  the water zones in the case of up-dip
displacenents., | - R

" The ‘effect of the injection rate\ on the te-perature

.disiribution' fot the up-dip 1nc11n9d porous medium was not

as pppnouncedta§°yas'the case for the down-dip flood or

1 . o

horizontal drive. ' : | ¢//f '
ii.The - theoretical calculatlon_‘fot predicting stean

A

quallty it the dorn~streal of thp stean 11ne vas a reliable .
nethad qé'Laug as the physical propertleq of the tubing and.
insdlatioﬁ vere ad;quately known. Alonq the‘vanous_
téchniqqes ihVéstiqatéd for éstila*ing stea; injeciion
e rates’, tée nethod of ve1qh1ng the feed tank was the simplest
. and the most relxable one for thls partxcular ;size of
| ]

apParatus. N P

'}

gy -

<



Tha appafagus should, be improved ¢to allow direct

. control. of the injection rate. This vould avoid the

inconvenience of indirectly controlling the infection
rate by adjusting the prodaction rate.

. -~ .
The study should he extepded to provide for a higheg

pressure  level of experiment by redesigning .the cord’

holder and the steaa genarator. Tdeally, the core holder
and steam generator should .be designed to accomodate
pressures and teaperatures wmorne representatiynﬁqf field
conditions. : ' ' "

The prerinent‘should_pp extended to include an S 0dl-
saturated core. ’ . e T

A suitdhlé »nathénatical.'s*uﬁy should_hé carried o%}
based bn the expegimental rosults. :

The air or nitrogen din the feed wvater should be

'coupletely. removelly before being injected into the steanm
jenerator to engpre:x'that there 1is no jas saturation

vithin~th9~core.5tpgny time during the experimeng.

ay

§

LR
w
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4

Total lenygth of steam line, ft ‘ L

e

® . . NomENCLATURE
\ | i
Pay thicknpqs, ft [ v
. . - v o
Therndl conduct1714y of ‘overburden 4and substratunm,
Btu/hr ft-p j e

y :
Ugtent ﬁeat of steam, Dtu/lb - , K
ﬁtedl ptaqéure, psxa

Hoat loas rg;e tron t he rtoan line, Btu/hr-tt

\ e

‘Average Qtéijin19Ct10h ngte. lb/nln

. R ANl 4
Average, mucitf;ate, 4b/min ?

%91 q‘rtool tenperaturo, L

Steaaciéyﬁzzat&re, . . . -
Fsztto al bteai qualxty at fbo 1njoc?1on port of the
core & . : , .

PR " ‘ ‘
Frgutxb al. steanm qualxty at” ﬁhe dnqgharqlnq poxnt of the
qgﬁun-qenarator (=1.0) #’7 L.

g
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PP, “V:IY ' ’ .
! ; Ve . APPENDIX A ' i
Steam Quality Calculation at Injection Port
v’ N
Steam quality at the fhjnction port may be calculated
1 : ’ ' ‘ .
frdm Fquation (A-1):
! . = - 1 , . e -
o X nxg qh‘/qul 5 | “ A 1)
“ '~ where, . x = the stean guality at the injection port
‘ : of the core .
) 1 ’ ' ) [
N x = the steam quality at the discharge point
. 9 "of the steam generator (=1.0) . .
. -9, = the heat loss rate from *he steanm line,
’ f b Atushr-ft
1 = total length of the steam line, ft.
q.= the average mass flov rate of the steanm,
1 1b/hr | | - |
o : : | '
L = the latent heat of *he steam at the average
V line.pressure, Btu/lh. i
s . .i
. If 1"Lv: and q; are knowp, q, @ust be known to ’
1 calculate x. | - . . .

The heat loss from *the steam line consists ot :the heat
transfer by/»_diati;n and heat loss duelto the cogveCQion to
che ;ufrounéi%ﬁs: | ’ :
»,,‘_‘ © Heat Loss by Radiation . - | | |

»

-

The heat transport by radiation cam be writtaen as:

~

i "~ - °.é \ 4 - ‘ 4
o qr = 011713x10 ETsurf + 460) (Ta +.460? ]

! ; , ' : (A-2)

C

¥,
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|
-
v ‘
vhere, 9, the Rea+t loss rate by radiation, Btu/hr-ft
0.1713x10-8 = the Roltzman's constant, Btu/hr-ft2-ne
A = the cxterior surfage ared,'ttl/ff [ 3
. | :
e = the emissivity (=1 for the black body)
Tourf” tﬁe exterior surface temperature, F
' " Ta" the ambient temperature, P.
Rearr;nqinq Fquation (A=2), one can obtain: )
' ' /
g, = 0.1713x10"% ae [(T + 460)% + (r_"+ 460)°
B & ’ surf a
x PTsurf + 460) + (T, +‘460)](Tsurf - T,) />
o = ' ‘ e
or 9y = Ahr(Tsurf - Ta)
, | U (A=)
where, h Q=»-o-1713x10"8 (T_ _.+460)2 + (T _+460)2 E
* r. ' € surf a . N Y
. . . |
. ' 3 - A_i‘
x ETsurf+460) + (T +4aoﬂ ( )
(= the heat transfer coef[1c1en* . by radiation, .
Btu/hr ftz-Rr). . _ -
A . g
- ‘ ! LS
at Loss _I'C°°!£££i92 ' e

The convectional heat tran.fpr may be axprnqsed as:

1

= ‘ 2 >+ - A-5.
| Ahe (Tlle — Ta) A
vhere, 94, = the heat loss rate by convection,
' Btu/hr-ft

h, = the heat transter coefficient® by
conVPcfxon, Btu/hr-ft2-nr
and is given by the Nusselt number*

h d : | gB_- 1/4
c ‘ 3 : aj.
a : \" -

] I
* HcAdanq;LH. H., Heat Transmission, McGraw- ‘Hill Boqk CO.,‘
New York (IWSu), Thxrd Fdition. pp.»172 176.

T-l

e

1
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. (A-5)

eter of §team line surface, £¥
AN ' '
‘Ka: th@rmdl conductivity of air at"Tavg'

g = acceleration dve to Jravity (=4.17x10e ft/hre)

vhere, outside di

Btu/hr~ft-R

Har corfficient of' volunntrxo expansion of air a'v
T -1 .
av
V S kigeaxtic viscosity of air of T (u VVU),
: v
a £r2 /hr avy a ‘a

i

u_* dynamic v1qco"1fy of air at T ' lh/ft—hr,
(=2.42xc.p.) . ‘g

P

- . : . .'. 3
Pa density of the air at Tqu’ 1b/ft

C__u_. ' ’
Pr= Prandtl number (=—R§—3 ) ‘
a~
‘w - 1 & .= specific hnat caparxty of air at ronstdnt
1\‘ pa pressure and T vg" Btu/lb~-R
Tavg= (Tsurf ta)/Z.
At 4.7 psid
P L
Ka = 0.01328 ¢+ 2.471x10-9%T - U4.2u7x10-9T2
v . S -
Ca = 0.0771 - B.Budx10-%T - 3. 7uux1o~w? ‘
Hu = 0,0600 ¢ 6.1 55x10-3T - 2?0x1o-°-rz
g 2 3
Cpa™ 0-2382 . + 1* monﬁo—sr «m 027x10-8T172
A . - H
Ay = 0.0024 - 075 x10-s7 + 0.169%10-772
ST -0. 148x10-10T>3 C
g = 4.17x108 »%;! )
T = Tavg.' b ' : : T i

' . . .

Thus the tqtal heat [ 1loss *o0 the surroundings,

q:(]CO('r . : . A

heat conduction rate throuqh the tube

n o
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.

'wall and the insulation, |

L ’ - - : ! ) . ‘ _7'.
or, . 4 = AU(TS _ Ta) : . R (A-T)
vhere, 4 = total heat loss rate, Btu/hr-tt
. ) , : , | .
1< overall heat trannter unutliqun*, '
Btu/hr-ft?-K& - 7
“l;gﬁﬂ * g Intd /d )' d 1p(d/io ’ ])(h . J—]
R d_ , T ) 3 ey 2
171 5\ Kt:ube :2 Kins ¢ r ‘
1 (A-d)
‘l . .
where, dg= outside tupe diameter, tt |
T inside tubé diamter, ft
R A Kt ube = thermal conductivity ot steimiline
. tube, Btu/zhr-tt-R
hi = 1nside fxlmlheat t:dnsfer LOPILI&JUnt
, ~ (3000-5000 Btu/hr- £t2-R)
Kins = thermal conductivity ot insulation,
Btu/hvr-ft-R .
d = total didmeter after insulation, ft i
Tg = Steam temperature, R ’
. . . .
T, = ambient temperature, R. . ' . : ..

Since h; and Ktube 4T€ large numbers, one miqht

approximate U as:

\ ] | ‘ ._b | ! |
A ins c '
- , i
Moreover for the bare tube: . B r
o , S AR (R S )
o U= [mj - o (A-10)
A g W c-r . _
e et AU (T - | 1
" Sithce, q = (‘s - Tsurf) n . (A- 1)
o : ‘ In(d_s/d.) . ln(d/d )| -1
: * d d o "1 d : o)
where, UElgmT Y 7 X Yy x|

i tube ins



' ‘ ~ . . @ .t
o . , Y
, . | _ _ (A—12) J
: “overall heat transfer coefficient fron ' ' '
! ‘ - the inside of tube to the exterior
o surface of the insuqulon Btu/hr-ftz-g,
Therefore, \
A f _ L T
¥  Tsurs = T ;3-, (A-13)

The value of T calculated from Rquation (A-13) 1is
surf | - .

compared with the measured value, and if the two do not

agree vxthﬁn a few déqrees, the pbysxcal properties, llke

Ktube A, and/or cge are adjustod until-the result is

‘ ' satisfied The final values of the pt ries are used to
|
calculato the heat loss rate q. Nov Equatxon (A-1) 1s

‘,ﬁetnxshed for the calculatxon of stean quality at rhe\

1

u1njection port of the core.
& .

¥ , ‘
3 - !
* " To test the accuracy of this calculauon lefhod, an )

]

ddlabat1c calcrzieter was conqtructed for the conparxsou of

thep steam gquality -easured with the calculated Stean

\

&y

quality. . .

The calor}neter consxsted of four therlocouples to
v measure the tbnperatures at the upstreaam and downstream end '
of the stean lino and coolxng water 11ne, a calibtated ‘high
pressure Jauge, a twventy-foot- -long stalnless steel cooliug.
< : _ ‘, c011 a cooling vat?r jacket, and four 1nches of 1nsulation

(styrofoal chxps) surroundxng the outside of the jacket
-

'After steady sta*e had been reached, tenperatnres at the
¥ i
inlet and outlet ends of the Qfean and cooling vater lines,

h

pressure at the inlet of the sten- line and flow rates of
. A

s



* the cooling water and stean vere neasuted.
, N o
. The measured data were -used in the folloving equations.
' 3 to calculate stoam quality at the iinlet of the calorimeter
! : . . v ’ . \ N . ’
S . ¥ or at the end of the steam line;: '
v . .
- (rate of heat gain of the cooling water)
_ e
(rate of heat 'loss to surroundings) -
P .
= {rate of heat loss of the stean)
‘ (A-14)
. . t .'.y O . l;
P . - o , (A-15)
IV H, = q.C (Tw2 = T,y | ..
'l‘ r ‘ o t
A . N . \+ _'- <) . _ . . .
R Hy = qs[“_w,Tsl *by = CgeTgy 32{}, (Aj16)
‘xvhtarn, . ‘ - . . A . '
» . e ’ . - | ' : v a .
. ’ w Y ¢ .
- ”w = rate of J;thdlpy gain 6t the cnollnq\dﬁfnr;
Rtu/lb-min - .
. - o , .“'-_‘4/
,Hé = rate of’en*halpy loss of the steau,‘q?hylb—nin
. ' - . PO : h v
1, =. flowlrate of cooling water, lb/min 3 :
" s 3 flow rdte qf,sxeam, lb/min . o
» - R , T
- 'T,,= outlet tedperature of copling water, P !.
\TwlFf inlet temperature of cooling water, P Ej )
. ! . : P :
. ’ v .
Gw ° dverayge heat capacity of coolisg uaté?ﬁﬁetveen
Sinlet and outlet tenperature{i/ﬂtu/lh—tl
1\. . ‘_:v v . ' ' Ivtyl~ “ &
N S iiih?l%lz enthalpy of.saturated waggﬁfgi;SCQaié
- s ! temperature, Btu/lb _ - PR
. LV » . :‘ - - ‘.—4 ‘ ". " , - . .
X' = yteam quality 4t the inl«»‘t.Qg‘gﬁ«""'{‘:i?orinﬂtor,
© tracdtional . CR I AR '
. . . ) T N
L : yLy = latent hedt of stedm 4f fhe inlet conditian,
¢ - : ‘ R B':U/lt? o : . : Vo R
. 1 , ‘ _ . | T
Csé= average heat capacity of steam co nsate
between outlet temperature of the stean
« condensate and 32 P, Btu/Lkh-F
.8 . P ' b “ - » e
- Tgp® outlet teémperarure of Steam condensite, P.

>

~—



& .ﬁwl < Inserting Hqudtxon' (A~4H) and (A-16) Lnto Equation . S0

. oo ) by

,ﬂ-l“) and so?*an fhv rna' of heas lots tao surroundings

5 . . ‘

e oeQual to zero - winde at pran Atiabatic 4‘11()rﬁ;l'fh(' - and

v w, - .

. s ‘ . L ‘ Yy 0
“solving tor x, one, gG#n obtaing:
T 4 o Co

» ' .'Jl ] "?I
- . — - . . Al o - ‘j’ .
' Qe W w2 - wl “wcTsl.; Cse Ty e 14

.:‘"’ . - . , ' § - . LIRS e ’ (A - 1 7) W

s w } v B . . . . - i
Seneom .' s . . - . | ' ’ ) . L 'wm
. . . . v ' . LRI L
; wo .Vl‘ (ump.nro t'\l‘ res ul\' abtained trom the « tluxl ated . -

14£\ - ,,.-o ) \ i . , v - to E . . St

‘ o steam qualat y (Fq'udt ion A-1), with the results o i'lu{d,‘ '(-;:'nm
; . 2 P ‘ . . , » ‘ N ‘

the experimental test (g uation A-17), 20-foot-long .

- # stainless steel tube wvas eaployed. The tube  hat an 0. 18=1inch

L IR o inside diameter and a4 0.2%-1nchl outside diametoar, The first
o 7, o o e L
- Y9 feetgnf *he tube was h.”sulatvd n*h tibre glass -fube:

-t

’
«

ulator dn! thu rumaxhan lonqth nth aqahﬂ o 23N Hm'.\q"rhx

s

N re'ultpd xn an out s1de dumetﬂr ot 2. 5 xnchnf ,)m-'r thn . _
* . A € 2 ‘o 2 ) "l'u ’ : ”
‘*6_ unnrp \toaullne Ln addlnon, *ho orﬁ'xre qtmmlxno Vd ' :

. ! ) Yoo « ‘v'»
& shmn hedanh alunxnun t‘nxl ?o rodnce ralmt.wa h?sat

.

" a . ' - - A A
°1‘hg phync‘al properpe sed xnu‘alv'uldnnn vereg RS
: » i : o _

“

s T o Kflb{,e qlaspé v. 012 NU/P_M % B e

. . {
. \ = N .
B | Kaelm:tqs \: =P H() ﬂtu/? ht

e = U.) (nTb‘ xwltywof alumlnumy~" ‘ ' : - \
s : - S T - y '

1500 9t n/F—hr;,-ft".' : (O s ) a - .

N . . .. B .

=
L

L . . .

' *ermined stean

|

Tdhlo ) prc‘ﬁnnra the qtm-rlmnn' ally

qu.lllty md t he' (‘dlrul.\h\d xﬂ(nam quality Thof results wers

plotted n quuro A for‘ g‘.um;\.\r*-l-m_n. A=- ghown 1n Fiqure A, -~

13

. . ‘.\ :
i
I

T



to determine qteal qualnty at the 1n19<‘tion pbr.t vas

T \ S

'b‘ ‘\' ::i ' ‘ v
» ) . o ) ;. ’ - ‘> "," iy e .
'“thq calculated ste.u' qualny aqr'(! voty vpll“ith th(, ' ‘t-,,,}
L J .
exporiuﬁntal results, indicat 1nq tha# the calculatlon lﬂthbd -
- / ..

v

é .

reliable. o Co

-l .
R ' | \4 .
- ] - -
. e . : .
S . \ 3
\ ']
# ' -
. . . / ] -
\ .. -
- AEY
.. . .
PR “i S
. K e » .
\ -‘ ® ,
: £ o) '
: ‘ E, . -
¥ '
3 - ‘1 \
w5 - M



e T Iy . i .
9 / oo . . »
C v .
s
o \
! ”,
e . .. |
’ * :‘a:\ . Y
ABLE A . .
NN "’“ A . ‘, . \
L (‘oml‘ax’i:. on pt ul‘-lm Qunltt) © Moasurcd  vs) Celeulated ;
.. .~ ‘ ) \ !
. l,h T 2,} T l'F T ,,} p~ psig Ay, lfx J/min qg ‘1b mm x;xp x:;l
, 61 100, ‘2958 50" m ’<°“ 3257 0124 0,884 0 gad
60 116" 288 ‘72 "SR, 3.25 0,173 p.ola - o,,%;_ - -
-1 760 145 264, 40 y.2¢ 0.25%6 0.934 09374
60 '85.5 0 Q §7,5  3.23 0.085 0.825%. 0.828° A
. 6D 67 298 -.70 < L bB.6 1 : 3,24 0,032:7  0.527 0.548
‘ $7% 96 33 | 6% 111 - T 3.73 0.123 % 0.862 0.867 i
57 0130 328 69 - jap v ia 0.224 14 0915 0,933 ‘
o 57 77 384 70" a4 T 3¢ 0,072 0.707 0.694 ’
e . 58 - 122.5% e 69 o229 StvE 0.197 © '0.898 0.896 /
' P 5% 4 e ¢ 71 ‘ns Va3 s 0:0627 . 0,599 0,589 e .
- /58 151 420, \J 76 315 L2l 75 . 76.925.°0.914
vt S 169 242, 902 0 27 %85 9.943 0,932 »
. ’ ~2& 161. 24077 90 , 26" L 8¥86 , ,0D.9%6 0, 033{ R
. L 158 242 . 88 " 27 v ,_ .286 - b.9¢g 0.9 .
E .63 154 256 *9“80, S LI, - X 3 .264, 0,945 0. 9 L aae t
. 617 )38 298 75 5B , 'o 218’ . 0,941 2, &5»
v - 5% 1oy c295 ¢ eI 66 - 3_q22 0.148 3,7 0:904« 902,.“ .
S T. 80 LTodg 300 g7 a1 w3008 0l1r ™ olme Pase
S ,u 5910 888 300 0 7 ““\r\g.ﬁz 0.042 . 0.657" 0u45s .
- e ®7 2335 . 90, 215" +33 , 0.035 ' 0.511 9507 :
% -& ‘3397 66 12y 3,31 . Mel 0.837 - 0,836, 8
', 9. ‘7112 ¥ 3357 67 1S .0 3.37 19t T o0.899 q. 1075 v &
comge EeS19 3230 93 1107 3.31  0.216 ° 0.932 0.930 . .
C NS89 150 j-32§‘~ qé 2105 . 3.135 0,281p™ 0.946 6./947
= .59 - 182 312 . -8¢ . g¢ 3.37 .38l - 0962 0,965 . * ., .
ey M5 3678 g 1230 . 3,33 0.ps2 .. 0.634. o.6P ! p.oa
» 607 “ 95 166 g8 171 e 3,37 0.117 7 " 0.846 0.838 -
‘ . 60 +105 367 67 173 C"3.37 7 0,147 L0876 0.87) W
& e 807 122 367 70% 173 © .43 0,203 0.893 0.912 ,
. R 60 137 . 365 72 . 169 3,35 .Q.‘;oo 0.929 0.92 :
, .5‘ ] 60 . 175 358 - 71 155 J‘Q;'.BSB 0.968 @ 939 0
. . - -, ;ﬁi . . > - . o LN . “ry r
g ‘.s - # fyom Eagltion -(A-17) - experimentally meas\ired a1
[ - ’ .
' fr“"“ gtipn (K’il) - t'h&d’retxcal,ly calculage ’
Jr : d 9 H ~ i
H ’ ‘;:' './ 4 ‘ ’ b‘.' _N‘\ .’,‘
"’L‘ | - s ‘/)
.‘.0 r - . / o )
‘ - . - / R - 4 o
_ \ . .
L .
. T v -
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stgdtf APPENDIX B

o _COI"';;&':: don of Various Calcy ldtion Tachnlquee
' '~ for Injection Rate of Steam o

\ ¢ ’ |
l'our dlftercnt .methods vere indopendently enployed to

aeasure the 1njection rate of steam. , o

‘*.md.usl n_&hszsl (,msuu neunse amgé)

‘ Raking a latarial balance over| the core as shown
in tnllouinq oquation, the total injected stoam for a

Wn can be calculateda ..‘ v \
;

Q (weiqht of total qt‘ea- tnjected) '0
+

(vmqht of lnitial vater in- thn cope)

= (velqht of total vater producnd)

e :1
: S . (weight of .uount of ﬁm(or left: in the
o« o core after the run)
.' ) X / Kl p . . ‘ T‘ 3
peo * B v (B=1)
' {f‘ v’ - SR ' T ‘ N

>

. . \ Q -
"'rhmfﬂlnitx,aﬂuouﬁﬂ Iater in the core 13
:nquinlél?}' to’ the pore volun* o‘t &a coré. ‘rhe final

_— 1
R anount of uter left in the coro ufter i run cap be

doterlined f:ol fho dlffnrenco b)gtwéen !‘ha lnitul
alount of utor in the co(@ and the asount of uter
w_‘tequired to refill the core to. IOO/S satutation. rhxs
refill}nq can’ \m Msily"achipvod by al‘lovlnq the tore
to cool for ,‘ ceru)& tise poriod vﬁ;h qonerataq a

pqrt}al "C‘:}. due to tho condensation of Stean, and

/
v e

thon al}ouinq vater to llbibo into tha re)’
YA SR ' : . RN
- SOIyinq tha abovo aquction (8- 1 for the vehqht of
Wﬁwm* B s T

. e totsl.q’tvu lnjmod and dlvidinq 1t br the total

! X <
* \

\ \ .
. . - . . PR

X -
BN

oy
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o

glpe for the run, one obtains the nvotagé 1njeétion

rate of .steans. - ' ‘ S .

3

. : !
The total amount ot vater'thplied to the steas

."

qonerator tron the feod tank duriuq‘?he 1njection

pecriod may be Reas pd by dscertainkpq the ﬁpduction in

\
1}

_the wvejght of the water in the fyod tank.‘The total

rednctxon of the veiqht of the feed tank is dxvided by
the qiven tine interval to glve an averaqe ;ﬁ@pucti
‘rate of stea- durihq the qivun txnaqin(erval.

: : \\\

Pover Rat;gg aethod o wﬁw""rn T ,&;,\

v Yo N e i
) ‘n' ' b T .
%;ha ele rical qgerqy"input throuqh"tuv thxee -

-
~

phase electtodeﬁ can gg caLculatod trou the toleIinq
equation~ ' . ;‘”; L - "fj '.‘_1( ‘

t =‘seconds (cuqulatlve hethnq time)

-
¥ =

or’ (1 Btu/1055. joules)(l 732)(206)(60) It .
= 20,29 It Btu ‘ :
.. b {B- 3’
where, . t = uihutes. . My \
@ ®« - e

the net, electrical heat uthlized Ray be/calculated

ftou follovinq equqtion- -

et

= / ; \ . o
(nSQjérﬁdLrlcal heat nfilitad) 1plectric heat 1ﬂput) ;;;

t$t& loss, of stea’n qenerator.
sﬁtrouadinqs)

‘one

l ‘e . - . el @ ._‘;\., ' mv"'\
L rBIt *’ﬁ* @bs or iaﬁts-‘s‘_e‘c 'f:* | - (B- 2). . . 1 .
‘whece, " P = vdl\gé ( 206 “ ﬁOn ¢v9raqo) A i
Vo e v
N =t r ‘"a-peres (read frou an a--et?r) -,

S

/.
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]

',_

- o _— _ (B-4) '

L

To evaluate thed

Qaat loss of the stean qenetator to the

" surroundinqs, the qteaq qegﬁrator vas set for various

pressutes, vithout introducinq féed vaferﬂintq it and with

K

' )
no productxon of qtenn from it. Heaqurinq the averaqe o

b r

‘ currmnt and fhﬂ‘&ﬂl“Ldtlvﬁ hoati

Y

vas calculated frqp %quation (B~ 3). The tdtdl heat losc nay
- % «
be divxded by theitotal fjnorefaﬁhed ‘for the test to qxve
¥ '_'#ﬁ'!' ,-I?
tg!taverage heat loss rite.» IR @

' T B
0 B

I shdvs. t)re expenileﬁtal g’;librﬂldn’}pata Sgr

i

t;ble B-

i
”i‘u

heat Léss frél the s*eai qenarhtor, ndﬁ‘the:tesulfﬁ are

oo A Y k.
gesented in ?1qure Bzﬂ.m,» » &ﬂ o I P 0
T “ : ' - ‘fr' Y g '.A' ” C, . C NY" [

’#rn %“\' i e a ".* - I} Yy e ;
Ax the. s&aady‘ktatq f the qrenu4generator, the sun’ qf

;y ,o"

& .
-x&

o EX T

the net electnxcal ppa: utilazed agd the enlmalpy 1n§;o@uced
4
by the 1nje¢t{§n oI feéd xad‘r is. the sane as,the enthalpy

ont-due to the’prdﬁucéxon ot 100 % stean at the. qiven

V'condxtion of the stea ,genera@ﬁr, i. efézs _ifi e
(net electriCal heat gtiiizedb - (heat . outc&&b“tb‘the Jr v
il ‘ ., . 'prodyctionm of 100. S?ntcnn
g‘_ - ‘-“ B © . at given- generator. .
’ T o . ‘ conditlon) ' ’
.V'I.. ’ ’ T ‘, o ‘
s , ¥ _ (enthalpy inttoduced by ¢
¢ y V. the wvater injected into
v . . ~the steam generator)
.o B “(8-5)

\

The enthalpy introduced by the feed uator into the
‘-‘r! L -

fteal qenerator cagyge obtained ftou the follovznq

Equation (B-6): » o "

ng tine, the total heat loss -
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7 : 2 - .
¢+ { I
' ~ 1 N '
‘ N :
§. TABLE B-I .
N ! Calibration Data fm Heat 12835 of' Stvum Generator B
o - v s
. W =20.29-1.t Btu 8
" w“;ﬁs-» W/T Btu/m @
. . N ! f
N » . R
Run'. P, psig I, amp t, min T, min w](]!"3 Btu/min
L 1 . 56 #60. Vd0.40 300,24 68.93
. TV e ) -y :
", S 2 185 Yeh06 13.18  '270.30 104.87
- e . -“‘\: '
3 86 . 61.5  41.24 661.49 77.80
‘ 4 92 ©70  38.3)0 686,70 79.22
|5 192 73 284" 794053 78,74 :
s 6 . A4S 48.90 1 001 42 T 91.15 “*ﬁ"’
| 7 124 28,74 966.54 o
= ‘ § . 165 57.11 1,192.30. -
B ‘ ' ;.“
9 90 49.15  940.61
V10 g %0 44.84 864.34
hES . ) ' P . '. .
IR ¢ 12 © 69 54.76 1,025.40 \
(50 L, 56 58.25 1,034.21
h T1s1 T e 9a 71.10 1,109.53
{ . 2 .
' 14 200 94 23 % 394 80
. * cumulatxve heatinq,_‘ ' 3 5 i
*t  eotal elapqod time for the, fz!t?‘a :
- e . . - »
- — :
! - " ) { -~
/ . ‘ o« N
L4 ~ .
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.’e- . ‘ H1.

a .

Hw = CW(T-JZ)(VPight of feed uator) (B -6)

i where, . H = enthalp of pntnrlnq water,

. S ¥ ptu
¥ .
L .

at rapdrxty o( water

w het we and 32 P, Btu/lb-F
; TV tﬁmpﬂrdfdrn of injodtnd\va?nr,
Xy : . ' - F - } |
. : ’ < ' . - X ;
& : iwelght of feed water = obtailned
Il , ) from
— - . ’ . ascertaining
, ‘ : . : - . the reduction
' . - of the weight
B ; - C g of the teed
. ‘ tank., - .
\ ‘ * l . \
o Combining Equations (B-4) and (B-9) and édfvinq —
2 for heat out due to the production of 100 % steam at

the given condition of ‘the steam generator, the amount

of steam geherated can be calculated. ﬂhe averaqe | 9
4 ) ‘ s ’or . . . . ‘ .
o . ) e DA : o o
injection rate of stdhm then c e ohtained. from the
o . . . ~ . ,-‘_q -
. . vu ' - ALY N
follovinq*equationzﬁ' . l ‘ S
\ q, = H_/h /e P L~ (B=T) ~
P S w? ‘ ey ¢ *
-¥ where, Lo , ; P . p
' , Yy = average injection rate of stean
4 (= average product;on rate of
A ‘ stean) , 1b/|1n :
H = total heat out .due to the 100% ,
( P steam generation, Btu L i e
; k= specific pnthalpyﬁgf 1031§ steam, ‘ *
e ' S atuslb . b
. t: = tbtal elapsed time of interest, , ¢ ,
©, min. o 4
u. t Tube Plow Metec Hethods | ; ‘.
. ‘Notations in thxs soctxon may be dhtaxned from any ) .
ther;odynanlc textbook.. : ) o

R 4

' d

/ " K . . ‘.‘ . “‘ ) ‘, ‘v\.
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1)

as:

., Equation (B-d) becomes: . o W

Y ‘.-AH

& M o .
“ &'\?A S v,“:':‘\’ \'(: . . . .
”“n' | » J:T ‘"}—" Nd(_ “‘u
% S & L \
y u‘“d + - Q
: duoo
R oreennguin

1

‘The force-momeéntum balanice @luation can be
S i e - _‘N — [ - -
ssed as: S ¥ } '

v dp ¢ dz ¢+ uQusg, ¢ AP+ AW =70, . (R-H)

R ¢
S

W
‘ . N i . » . \

vhile the first law hf%hv;-u‘bdymmicé can he written
' }
AU+ AZ ¢ AUZ/24, =0 = Wy . (r-4)

}

If there is no shatt work aud no tpiction loss,

and it the pétentidl enerqgy tprg;is ncqliqihléﬂ

-v dp = u du/qF g e

i
becomes:
- ; . . L N
' -d l:i = u du / Jo .
4 L !\J o » \;\r(."“‘ e
Integrating Equations (B=10p a
. . . ! @
obtain: . 1

Hogpvet,

Y T

' r j : 1 - ! -
dh{fu‘thprnorv for an ideal.gas, .
RN . . T » ~ . - ’
2. ' k . :
- T = ~———— - )
ST $Ep dT = =7 R(T) = Ty) |
- l B - e 3’ ) . : . \ 4

k=T PV - PV

, P, k-1
; S kE 1 plvl[l - )k J

\ - .  ~ L \
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fﬁom the relationship: .
‘ e ! .
v k k
‘ PV = pP_V = constant
1'1 ¢
uh(ﬂw* k - ¢ /C . '

From the cquations (5-12) througyh (B-1%), one can

\ .- 4
ohbtain: ’ l
- 2 Ai&t?'\ : P k-1 '
. > - &9 v ' - ,
ul = oy e 17 [1 - K (B-17)
' v k=1 1 .
\ [ J
» \v L] '~

K.

iﬂu uZJ?‘U for the Pi?ot‘tube, ang yi = 34?1'-fhen‘

'

VI T T

T A PR SO

. eathe -

y . ' .o ‘
Equatiqn'(Bk1ay Lecomes: . ' ' L,
AN < .
, : ' ~ &’ L 4 ' §
' 29 P kTP kT 7 e ~
: c 1. 2 _ v - >
B U k= yr= [(p_) k- IJ T (8-18) .
BT T S AR .
» '.“ i - w R .
For the steam™k =.1.305% and addan ‘the fclctxon
. . #' ;
: coeffxcxant to Equatxon (B 1d)r .
i
\ e 2gck Pl kPZ k-1 -
..1 O o P—— P LN . Y
k-1 Bl .
%o ) ) : \D . \ B
R v ra - ¢ B
. |
' - P P © : S s .
s 1UR T e T et
| & N ) © R . y . e R ’ . . -
) . [ 1 . . N L
vhere, "12g k
v 91 o] k‘1  el ; . Y
* arbitrdfily_chosen; k= 1.3 with Smxth’ J. N.. and Van Ness,
H C., Intgroduction ;o-&gg_;gdl gng;negxxng Igegmodx_;_;gg,
grav Hill Baok ‘Cas, New York, (1975), Third Edltxon,‘ .
, and k=1« 329 with Van- w71 n, 6.J. and 3onntag, R.E., e
.[gndau_g;_ls of . Cla €§1c41 Thermod hamics, John Hlley and - -
'. ‘b \\ . \ i E
]
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oL . - . .- To convert the linear welocity,rul ft/sec, to mass A
] . i . ,
) flow rate, qi lb/min, Fquation \(B-19) should he'
' nultxpllod by ) '\ :\ : '
(A ft2 )(t’l m?’ft ) (60 sec/mm) P
. |
. ~and bccomo a # ! ,
(SO o . . f : A
SRR A ~ 2 0.234 ' - ' S
g . Cay 2 1y K | ‘
‘ vhera, ‘ : .
1 ¢ ' °
5 Zg k» '
@ . N . . . ’
¢, = (5.A (60) |—— (a cpnstantr .
. . k-1 ’ L
IR L 'PZ-': .didpact prpqsure, Ib /ftz y T "
R NPT . ‘r' : © “(otvexpressed as P in Some !, - .
A o " . , . .. . o .
_\y ChER . oqudhor:g)' .‘ i L, \
) ’ 'f;f % ”,i S 'gl~= gpcal static pressutay b sft2 . -i~ .
I SO T Co C OB exprog sed AS.P_ in ‘homn/—/_ O
~ . ;'»*ngg.f%*., T @quatxons) . ---, % 4 B T
S TR . le=~sgeam~densily.¢g.Pl, vyt . . :
re . . . - ‘ - i B I . . - .o i T s .
. . e T S
.o ,’Equation7(ﬂ—20) is,a straiqht line with a 8lope of T
' , . 1 (B-20), Str : : pg of .

'ﬁf" b ' 2_¥h n- JGi'l[gy— “‘. ] ‘ \is;tgkfnngsvtheﬁy
h L . ) X"'CO()rdlknat(n_ : '- 'J- “A’ - . a L - [ ¢ ,'"

e - _'; : . . . . .
. . . Lo : . - o

AAPitot tube flow meter consistinq of 1/&-inch-ahd
' \

1/8 1nch.fuqu for the flow of q*aam and, for thp impac* ’\
presqure n.p,‘ ro\popfmvoly, Hdb constr\ucfml :he g “‘f S |
;;*7  LA LE :dlfferentxab :Léss;ra betvepn the local and Ehe Lupact E B
Q’:-‘,' o preqcurec vas, nonitored by é calxbrated 2% psxd. T T
'[fmt [ Lrn,sure tbdnsducot and the voltaqp drop vas. rpcord;d
K'f' : on a strlp chart recorder. Pl also was npaquted by a .
5 ‘Céllbtdth 500*@5?% pro;sure transducer.‘ . ‘-,L.  . 'j 1 .

. _Table B-II presents t he exporlmkntal rallbration
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T ' R A R
+ data and these data vere plotted in Pigure BR-2 to .
detarmine the slope of the célibrdtion equation.: v
. a : { . C ' -
' : oo, .
N g . ' A
A8 sbbvn ia Tabfs B-IT and Figure B-2, two sets of.
“, \ ~ . A .
experxnents vate conducted' for the first 12 runs s+pan :
PR uas passed tugéugh the core anq condensed to -easute
the actual flow rate, and for tie &econd set steal vas

Lo
bypassed befote e?tetinq into the core! condenqed and

S

""" collected in a‘qraduated_cylindeg for the adasurement -

, of flow rate. ' . . o
@ .. » . ‘ . AP 9
@f N - J' Bo@h e@ﬁ?tions.avhlch v%re obtained an the' basis
‘x;‘ . hf. q{ the t different aets ot nqgsurelent,-vere tested '.
R . '-:'té p;edig the flov rrate of steal. Even though tho |
l stgduqht lxne obtaxned gron the set. of neasurenonts fo?' %}g
the first group does not pass ﬁﬁe origih of ‘the x-y. "
Qrapﬁpin the calibgation fiqure, i# vas; found that the '; -?;
v '.: equation obtained fron the first set #ﬁ data had ﬁftteg =

. ) waqreelent~v*th the: actual flov rate oﬁ stean vhicﬁhvaq e

detetlined by the Staﬁdatd Hethod ueMtxonnd eatlierd
‘ _ i . f
. Table B-III presents a conpatison of 4he vs: bus -

Lo o calculatzon techniqu@s fot the neabutelent of steam : ,l'§
i . - Pl *

Ce . ‘j'iujeceion rate 1nto thd corés shoun in that

ablg, 2
,the neighing -eﬁhod vas the lost rglxable oae nh'thp‘u~ /"{
. L B :

”silplest one as well. rhe pouer rating and Pifofer be.

/. . .
lethods had ‘some occastonal latge deviatii;jx ST T

fﬁdtcatinq that a cqreful expetilentarﬁiéc nxque"

nee@ed° hoveget, in general, these netho&i'stxll are: in { I
. oy w T
SRR o L

D R

. o . o P y .
. . N . ]‘ / LR - " ! S . ,‘ ‘ | 'v
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TABLE B-II

Calibration Data for the Pito§ Tube Flow Meter

«0 “
. . i N . .
. + . . . * . L L]
i\i ?s’psia AP, psid W, gm 2, min q, 1b/min kx
Set 1; steam passeq thrl\)uqh the core ’ '\
1 293 . 5:63 19 40 .57 0.565 0.917.,
2 298 4.11 2000 . 9. 16 0.481 0.788
' 3 165 5,35 . .?oo*wm 0.5399 0.675
4 166 4.64 977" 6.33 0,340 "0.631
5 168 1.87 1000 11.00 0.200 1 0.404
‘6, 110 3.56 1000 8.55 ' 0.257 0.454
7. 113 2.27 1490 17.50 0.187 0.368
8 114 0.767 “502 12.80 0.086 . 0,215
. 9 . 115 0.370 78 ‘8.28 0.0207 0.150 *
10 114 0.387 1190 . 7.62 0.0549 0.153*
.1 66.5 1.95 648, 10.00 0.142 . 0,263
~12 68.5 0.719 , 220 10,00  0.048% " 0.162
Set 2; eteam bypassed e v
. ' . \ : ¥ . I : :
13 '64.9 4.32 1520 14.40- 7. 0,232 0.383
14 675 3.13 1700 ~ 19.20 .. 0.196 0.335
: 15  69.5 1.52 412 6.78 % 0.133 L o,€3a
. 16 69.5 °  0.577 ~248 6.54 . 0.0335 -0.946"
N 17 112 0.393 400° - 10.1¢ 0.0873 -  0.152
- 18 112 1.02 653 . 10.00-  0.143 : 0.2486.
19 ‘111 1.98 g0 10.000 0.196 * * 0.341
20 108 3.43 1210 * 10.00° 0.266 0.441
21, 106 4.97 1430 . '10.00 0.316 ~0.525
22 161 6.33 2000 * 10.00-0.442 .. 0.725
23 161 4.28 1646 '10.00  0.364 0,597
24 163 2,89 77 1340 10.00, 0.295 S -494
25 168 1.64 1000 - 10.00 0.220 . 0.375
26 1¢7 0.3y7 - . 468 - 10.00 0.103 0.181
27 213 0.400 571 10.086 ~ 0.125 o.ios
28 211 1.60 1110 .10.00 0.245  +0.417
29 209 <3.35 - 1630 10.00 - 0.359 0.600
30 208 | 4.66 » 2010 1020 - 0.43) 0.705 °
* g = W/(453.6¢) v .
X . Jn P ((P_l)O.ZJQ - l] .
: s s| P
it s . ' .
v + AP .— i - ps - 5, .
N
5
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N o k4 ! ' o
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* ’ ¢ , - g
- ) J { H € h ( . * ! '
’ . L > . *
’;' ’ . N .
P S, L : # :
! | o e N B . ‘. v S
, V(u' 4, .‘-’, I ‘ ! . . ' S ﬁ
» ) /' TRy Ty, ) o . L o
- b .'f{‘g:\ 3 . A ig‘ : . , s .
. BN ' : TABLE B-ITD '~ - o e
- ‘(’) N T COMPARISUN NF VAP I NIeS rAi’cuM'lcm' HCHNTOI S oF INJH‘.Hn:{ RATL OF STFAM o
- ‘ . G4 0 ) . R .
RUN ~  DATF STANPARD' " WETGHINA POWER .RATING '_PHQ nIKEY PRONUCTLON
: TUR/MY T LR/ NPT C.DFVL) LLB/MILPEC.DEV.L) (LB/MILEPFE. DFv.) (Lp/mr  GPM
1 0970177 0107 - 60n  1.e o.oon::‘ 0.0 . ‘0.093) 124900 0.2% 1l e -
?m11/0677 0.151  D.l4s -3.0 c.000, 0.0 0.13A .“=dhih - 0,360 24999
S6 X2 /00216 - pL1Re 0,102 1,3 0.000,, .0.0. ' 0.181 “#.3  O.484 3,484
& 23/08718 0.2%1 0,225  -10,1 .n,000 0,0 0.222. -ll.4 0.606 4,35
5 25706776 N 13§ 0,127 | <=5.3 0,129 4,2 oé_. =?20.4° 0.358  2.571R —
L, 8 26/06/76 0,18k 0166 T 4,9 .. 0,154 «0.2 [ 2 1 0.0 0,357 2,877
KR AL VA TYA I 0,149 A4.152 . -10,2 - #b._206 21.5 ,.0.195 15y 1 o_.aw.;t 2.547
8 29/06/7n. 0.433  n, 132 0.2 7 0.13] -0.9 0.140 516" 0.358% 7, qay
- 9 30/n6/18 0.1 0,13 . oS 0.133  -1.6 " 0.16s 6,2 0,358 . 2.5A%
1 10 02/01/% 0.162° "‘0.46). " -0,) 0,144 G7 0,144 1.7 "0.381  2.40)3
ot 11 03/071776 0,1%  0.1%9 -0.0 0.140- o, 0.146 " 3.5  0.,3%9 2.5mA ..
P . e 12 05/07/76 n.1%  0.1%¢ -1.3 0.15A4: ‘1. 0.155 ¢ ° =N.6 - 0.23¢ |.nnp
- : . ¢ , 1Y 08/07/74 N.200  0.20a 1.9 - i0.213 6.3 0,200 =0.F  0.389  2.5e4
. 14 07/07/76 ° 0,233 0.232 0.2 0,237 T2.10 4 0,230 -0.8  .0.485% 3,493
. . S LOR/07/718 0.267  0.273 2,0, 0.279" .2 -+ 0,262 -2.0  0.812 4.ene
- . ©'09/07/%6 0,261 0,254 “2.6 0.282 7.8 0.243 -7.1 0.358 2:5a%
: 10701776 0,277 0,299 A0 0,27 -2.0 Xo.znn- 3.8 0.3%58 2,582 .
1811707778 0.219  0.226 - 3.4 0.211- -3,5 0,235 7.5 0.3%99 2.591
. 19 23/n1/76 - D, 146 0144 -n.0 0.119  -17.7 E.la? ~1e5 0,235 1.085
' . 20 26401710 0,177 0.179 1.4 C.157 * ~-10.9 . 175 “0.fp  0.358 2,545
v ) 21 5/nir1e 0,209 0,222 “he3 0.196, ~n.8 n.208 ~0.4 0.483 3,am0
o 22 26/07/76 0.2%  0,2AA, 5.5 0.000 0,0 0,209 <19,1 ¢ 0.827 4.%20
| . : 23 2101718 N, 2686 0.2%)3 -l.6 0,213 ~1a,7 . 0,738 11,0 0,397 . 2,.7]
. . 26 JA/DT/I% ., D296 0,009 1.1 - .0.21n “B.h V280, " =42 0.3% 2.448
25 29/01716 0,205 0,219 Se2 2.263 -n.u D.267 ° MeT . 0,355 - 2,564,
’ R 26 30/07/74 0.150 » 0,140 .0 0.187 16.6 0.162 0.9 0.P32 1.470
<L 27 31/07/76 , NL2ST 0,283 2.4 0,248 -3. 0,260 a3 0,881 " 3,4AN
-, 2R nt/0a/76 0.319  0.3722 1.0 ' 0,362, 7.2 0.318 -0.6 0.A07 4,370
Q 29 02/08/7h 0,207 0,210, 1.1 0.209 ' 0.9 0.200 ~2.8 0,356 2.5s%
- 30. 03/0m/ 74 n.217 . 0,219, 1.1 ' 0.220 - 1.6 0.217 0.2 0.355 2.540
3 04s0R/TA N.1SR  0.173 9.6 0,155 ~1,.7 0.1684 4.8 0355 2.541
32° 05/0K/76 0.160 0,188 2.0 0.149 ~5.9 0.159 0.8  0.356 . 2.5AKS
* 33 0A/DR/TE 0,147  0.15« .8 0,127 -13,7 0.142 3.5  0.35% . 2.548-
thatt 36 01/08/76 0.149  0.151 1.2 ‘0.148 -0.6 D.148 -0.4  0.3%5 2.5K2
35 0NH/0R/TH n.19 0.19% 2.1 0.192 -0.9 0.188 -3.6  0,48) 3,448
354 09/PA/74 N.1AS  ~0.195% 5.2 0.186 0.6 0.191 3.0 0.482 3,478
* 37 10/nas74 0.151 0.151 . =0.1 0.139 -7.8 0.149 ~l.% 0.229 1.450.
: : IR 1170R776 n.132 0,132 0.3 0,127 <3.% 0.127 -3.6 0.230 " 1.699
A9 1> /08776 N.167  0.172 2.9 0.157° .-5.$ 0.164 “1,8 0,029 1.682 .
40 - 13/0R71%. - 0185 - 0,153 $.3. 0,150 . 3,0 0.154° -0.8° 0.204 1.459
41 14/0R778 0.159  n,1%7 -0.8 0.151 ~% .8 0.15% “2:3-. 0,P01 1.450
42 15/0R/76 N.3RS  N.3AA 0.7 0.382 =039 0.379%  ~1,h  0.AS8 4,76}
) 43 16/08/76. 0. 1R 0LYR2 | -2.7 0.155 0.7 0.161 -2.9 "0.216 1.540"
T 44 LY/0R/774 N.2R3 0.2R3 0.1 0,284 0.3 # 0.266 =5.8 0.368 2.%51
N ‘45 _ 18/DR/T6 0. 1n& 0. s .0.8° 0.097 -6.6 0.101 -2.1 0.3188 1.35a
“h  19/08/76 0,122 0,21 -1.1 0.119 -2.9 g.115. ~5.6 . 0.192 1.3m)
AT  20/0R/176 n.16n n.lsj -0.7 0.143 . 1.8 0.132  -5.6" 0.206 1.489 "
S 6N . 21/0R776 0.103  0.1n 0.0 0.097 .2 0.097 =5.7 0,130  0.942
49 22/nM/76 0,167 0,186 ~lu6 "0.152 ~9.1 «150 9.0 U229 1.5TA
s 50 23/0A/76 N.171  0,14A -1.2 0.188 -l.6 174 1.7 0.206 1.449
51 24/0R/76 0.166 . 0.165 0.7 04159 -%.0 0.175 "5.2° 0.19¢ 1.W7
* by the natorial\' balance of.the core ** not mcasured
“a
e . "
o



