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ABSTRACT :　The direct contact heating of crude oil with steam
is promising technique for improving crude oil transportation in
pipelines. Crude oil temperature is increased greatly by a small
quantity of steam due to the high steam latent heat and direct
contact heat transfer. A jet pump was developed for injecting
steam into oil in order to get a high efficiency by transferring mo2
mentum and energy from a high2velocity jet to ambient fluid.
The jet pump was designed based on the free injection principle ,
which has no rotation parts and no converging mixing chamber ,
therefore it would not be blocked by the viscous crude oil. The
technical feasibility of this method has been tested in the Liaohe
Oilfeld , China.
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1 . 　INTROD UCTION
Pip eli nes a re t he most economical a nd f easible

mea ns f or t ra nsp ortation of la rge qua ntities of
crude oil ( he rei naf te r , c rude oil is called oil f or
s hort ) . Ge nerally , oil viscosity less t ha n 2 ×
103 m Pa·s is desi ra ble f or p ip eli ne t ra nsp ortation .
However , heavy oil accounts f or a la rge f raction of
p ote ntially recove ra ble oil rese rves i n Chi na . The
viscosit y of t hese oils at 25°C va ries f rom 104 m Pa·s
t o more t ha n 106 m Pa·s . Conve ntional p ip ei nes a re
not suit a ble f or t ra nsp orti ng t he heavy oil f rom t he
rese rvoi r t o t he ref i ne ry because of t hei r high vis2
cosity. Seve ral alte r native t ra nsp ortation met hods
were p rop osed , i ncludi ng dilution wit h lighte r oil ,
reduci ng viscosit y wit h che micals , or p re heati ng
t he oil bef ore t ra nsp orti ng i n p ip eli nes [ 1 ,2 ] . Each
of t hese met hods may have logistic , tech nical , or
economic draw backs f or a give n app lication . It is
be nef icial t o dilute t he heavy oils wit h lighte r oil is
p roduced i n t he sa me oil dist rict . The ef f ect of re2
duci ng viscosit y by a ddi ng some che micals i nt o oil
has some draw backs , f or t he re a re no che micals i n2
t o oil has some draw backs , f or t he re a re no che mi2
cals t hat ca n matches all ki nds of oils , a nd t he re2
f i ne me nt qualit y of oil will be af f ected .

Oil viscosit y exp one ntially decreases wit h te m2
p erat ure , so it has a p ote ntial t o i mp rove heati ng
met hod , but t he ef f icie ncy of conve ntional heati ng
met hods by wa r m wate r or p ower is ve ry low . A
number of p rop osed e mpi rical heat t ra nsf e r cor re2
la tions f or di rect conde nsation of stea m jets i n sub2
cooled wate r p ools [ 3 ,4 ] . These results s how t hat t he
di rect contact conde nsation heat t ra nsf e r is ve r y
ef f icie nt heat t ra nsf e r ri ng mecha nis m . Theref ore ,

it is t hought t o app ly t his tech nology f or heati ng

oil .

J et p umps a re broa dly used nowa da ys i n i ndus2
t rial app lications because t hey a re cap a ble of creat2
i ng homoge neous si ngle or tw o2p hase mixt ure i n

t he mixi ng cha mber . The ref ore , a jet p ump is

a dop ted f or i njecti ng stea m i nt o oil . I ts velocit y is

ve ry high , t he ref ore its mome nt um a nd e ner gy a re

t ra nsp orted i nsta ntly t o t he oil side t h rough t he i n2
te rf ace betwee n stea m a nd oil . The mai n comp o2
ne nts of t he conve ntional jet p ump a re a nozzle , a

mixi ng cha mber a nd a dif f use r . This jet p ump is

not suit a ble f or heati ng heavy oil because high vis2
cosity oil may solidif y at its t h roat . The objective

of t he p rese nt i nvestigation is t o design a new jet

p ump t hat is cap a ble of i m mediate heati ng a nd

t ra nsp orti ng oil wit h t he p reve ntion of p ump

blockage. The jet p ump is designed based on t he

f ree i njection p ri ncip le . The mixi ng cha mber of

t he p ump is not conver gi ng but cyli ndrical , a nd its

dia mete r is t he sa me as t hat of p ip eli ne , w hich

ma kes t he blockages of t he jet p ump highly unli ke2
ly. The tech nical f easibilit y of t his met hod was

tested usi ng a p ip eli ne of 300m i n le ngt h a nd 3

i nches i n dia mete r at t he L iaohe Oilf ield , Chi na .

2 . 　DESIGN OF THE JET PUMP
A new jet p ump was designed based on p a ra m2

ete rs of t ra nsp ortation p op eli ne at t he L iaohe Oil2
f ield (see Ta ble 1) . Sche matic dia gra m of t he jet
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p ump is s how n i n Fig. 1 . I t is comp osed of t h ree
coaxal p ip es . The i nside dia mete r of t he i nne r p ip e
is 3 i nches , w hich is t he sa me as t hat of t he oil
t ra nsp ortation p ip eli ne . The re a re 4 titled holes on
t he p ip e wall , one f or each nozzle . The gap be2
twee n t he i nne r p ip e a nd t he middle p ip e is used
f or heati ng , w hich is called heati ng section , w hile
t he gap betwee n t he middle p ip e a nd t he outside
p ip e is requi red t o mai ntai n te mp erat ure , w hich is
called te mp erat ure p rese rvation section . They a re
bot h connected wit h t he stea m pip eli nes . The
stea m i n t he heati ng section is i njected i nt o p ip e
t h rough t he f our nozzles due t o t he p ressure at t his
section bei ng highe r t ha n t hat i n i nne r p ip e . The
p ressure ratio betwee n heati ng section a nd p ip e is
close t o t he critical ratio , w hich mea ns jet velocit y
is sonic at nozzle exit . The re is a section of screw
on t he outside of t he middle p ip e . The stea m i n t he
te mp erat ure p rese rvation section f lows sp i rally a2
long t he screw , w hich keeps stea m qualit y i n t he
heati ng section .

Table 1　Summary of Test Conditions

Substance Parameter

Inside Diameter 80mm

Pipe Length 300m

Pressure 0 . 16Mpa

Temperature 75°C

Flow rate 21 . 6m3 / d

Water Fraction 19 %

Fig. 1　Schematic diagram of jet pump

The major cont rolli ng p a ra mete r i n t he jet
p ump design is nozzle size because stea m mass f low

is a f unction of t he stea m p ressure a nd t he nozzle
size . Stea m mass f low is calculated based on t he oil
te mp erat ure i ncre me nt , w hile stea m p ressure is de2
cided accordi ng t o t ra nsp ortation conditions ,
w hich is highe r t ha n t hat i n oil p ip e . Wit h t he con2
side ration of a bove tw o conditions , s mall nozzle
size is chose n . It is consiste nt wit h t he results by
Si mpson a nd Cha n [ 9 ] . Thei r exp e ri me ntal data
clea rly s howed t hat t he ave ra ge heat t ra nsf e r coef2
f icie nt i ncreases signif ica ntly as t he nozzle dia me2
te r is reduced. I n ot he r w ords , t he di rect conde n2
sation heat t ra nsf e r occurs more ef f icie ntly w he n
t he stea m is i njected t h rough s malle r dia mete r noz2
zles . The ref ore , t he s mall size of nozzles is a p e r2
f ecti ng choice f or obtai ni ng high heat t ra nsf e r co2
ef f icie nts .

The jet p ump is ma de of alloy steel . I ts surf ace
was p rocessed by nichrome f or e nduri ng high p res2
sure a nd te mp erat ure . For op e ration saf et y , t he jet
p ump was tested f or havi ng no lea k by gas a nd e n2
suri ng its e ndura nce of high p ressure by wate r ,
w hose p ressures a re 1 . 5 ti mes la rge r t ha n t hat of
op e ration. The p hot ograp h of t he jet p ump is
s how n i n Fig. 2 .

Fig. 2　Photograph of jet pump

Fig. 3　Relationship between oil viscosity and temperature
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Fig. 4　Schematic diagram and photograph of the experimental apparatus

3 . 　EXPERIMENTS
Ta ble 1 is a sum ma ry of t he test conditions of

oil well 310152 at t he L iaohe oilf ield , Chi na . The
oil viscosit y as a f unction of te mp erat ure is illus2
t ra ted i n Fig. 3 .

A sche matic diagra m a nd p hot ograp hs used f or
t he oil p ip eli ne t ra nsp ortation exp e ri me nt a re
s how n i n Fig. 4 . Four jet p umps were i nstalled i n a
300m oil p ip eli ne wit h a dista nce of 5m , 15m ,
180m a nd 290m f rom t he sta rt of t he p ip eli ne . The
roles of t hese f our jet p umps a re as f ollows . The
te mp erat ure of heavy crude oil i ncreased t o a n ap2
p oi nted value af te r p assi ng t h rough t he f i rst tw o jet
p umps . The t hi rd jet p ump offset ted t he heat loss
caused by t he heat conduction ef f ects on t he p ip e
wall . The last jet p ump was used t o clea r oil re m2
na nts i n t he p ip eli ne af te r t ra nsp ortation was
st opp ed. The oil te mp erat ure t ra nsp ortation was
st opp ed , The oil te mp erat ure was measured by t he
use of a Ce ntigra de t he r momete r p rot rudi ng
t h rough sealed p e net ration on t he walls . The p res2
sures were measured by p ressure2mete rs mounted
on bot h sides of t he jet p umps .

Stea m was supp lied by a stea m pip eli ne t he

p ressure of w hich was cont rolled by t h ree gate
valves. Tw o checki ng valves were i nstalled at
stea m i nlets of t he jet p umps t o p reve nt oil back
f lowi ng t h rough t he nozzle t o t he stea m pip eli ne .
3 . 1 　Riseti me of crude oil tem perat ure

Riseti me of oil te mp erat ure is a key crite rion
i n heati ng t ra nsp ortation because it is not cost2ef f i2
cie nt if t he riseti me is t oo long. A number of ex2
p eri me ntal st udies were p e rf or med i n orde r t o es2
t a blis h t he e mpi rical cor relations of t he heat t ra ns2
f e r coef f icie nts f or va rious stea m mass f luxes a nd
p ool te mp erat ures . The heat t ra nsf e r a reas were
obtai ned wit h t he assump tion of a s moot h i nte rf ace
betwee n stea m a nd wate r i n t he calculation of heat
t ra nsf e r coef f icie nts si nce it is ext re mely dif f icult
t o esti mate t he exact surf ace a rea cont ributed t o
t he heat t ra nsf e r . As t he i ndicated relations hip by
seve ral resea rche rs [ 3～7 ]t he ave ra ge heat t ra nsf e r coef2
f icie nt was def i ned by

Q = GA e ( hs - hf ) = hA ( Ts - T f ) (1)

w here G , A e , hs , a nd hf a re t he stea m mass f low ,

nozzle exit a rea , stea m e nt halp y a nd wate r e n2
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t halp y , resp ectively a nd h , A , Ts a nd T f , a re t he

ave rage heat t ra nsf e r coef f icie nt , jet surf ace a rea ,
stea m te mp erat ure a nd wate r te mp erat ure , resp ec2
t ively. The ave ra ge heat t ra nsf e r coef f icie nt i n t he
exp e ri me nt is i n t he ra nge of 1 . 2422 . 05 M W m - 2

C - 1 , w hich is hea d a nd s houlde rs a bove t hat b y
wa r m wate r or p ower .

Alt hough t he dif f e re nce betwee n crude oil a nd
wate r may cause some er rors , it is believed t hat t he
orde r of t he magnit ude i n t he heat t ra nsf e r coef f i2
cie nt does not cha nge signif ica ntly.

Fig. 5 give n a cor relation betwee n t he oil te m2
p erat ure a nd p ip eli ne le ngt h . I t is clea r f rom t hese
results t hat t he heati ng ef f ect of t he jet p ump is
ve ry high because oil te mp erat ure i ncreases quickly
f rom 75°C t o 103°C ( case 1 ) af f te r oil p asses
t h rough t he f i rst tw o jet p umps at a dista nce of
15m f rom t he p ip eli ne i nlet . Tra nsp ortation is
nea rly isot he r mal because t he heat i nsulation mate2
rial of oil p ip e is ve ry good. oil te mp erat ure drops
no more t ha n 2°C w he n it f lows t h rough 180m
pip eli ne .

Fig. 5　Results of temperature

3 . 2 　Pressure drop

Predicati ng oil p ip e p ressure drop is ve ry i m2
p orta nt i n designi ng p ip eli ns , but it ca n not be cal2
culated based on Newt onia n f luid p ressure drop e2
quation due t o high oil viscosit y. I n desp ite t he lots
of models were develop ed f or calculati ng p ressure
drop of oil , t he re a re no models t hat ca n f it all
ki nds of oils unde r dif f e re nt conditions . Fig. 6
s hows t he comp a risons of t he p redicted p ressure
drop data betwee n Newt onia n f low model a nd
t h ree oil models ( i . e . , t he exp one ntial model ,
Bi ngha m model a nd Ka rson model ) [ 8 ] . I t is clea r
f rom t hese results t hat t he dif f e re nces of p redicat2
ed data by dif f e re nt models a re ve ry la rge , so it is
a n op e n p roble m t o calculate p ressure drop of oil

p ip eli ne .

6 (a) 　Predicted pressure drop by expontial model

6 (b) 　Predicted pressure drop by Bingham model

6 (c) 　Predicted pressure drop by Karson model
Fig. 6　Predicted pressure drop by three non2Newtonian flow

model

W he n oil is heated , t he viscosit y decreases
f rom 3 ×104 m Pa·s at 75°C t o 103 m Pa·s at 100°C.
The oil p ressure drop ca n be p redicated app roxi ma2
t ively by Newt on p ressure drop equation as give n
below .
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Q =
πR4ΔP

8μL
(2)

w here Q ———f low rate , m3/ s
R ———ra dius of p ip e , m
ΔP ———p ressure drop , Pa
μ ———Oil viscosit y , PaS
L ———le ngt h of p ip eli ne , m

I n cont rast , Fig. 7 gives t h ree curves of t he
p ressure drops f rom measured data at dif f e re nt oil
te mp erat ures a nd calculated values by Newt onia n
model. As exp ected , measure me nt data a re close
t o t he calculated data . So t he p ressure drop calcu2
la tion is also si mplif ied by heati ng t ra nsp ortation
met hod. The e r ror betwee n t he measure me nt data
a nd calculated values is mai nly due t o t he assump2
t ion of t he f luid model t o be a si ngle2p hase f luid ,
i nstea d of tw o2p hase f low . O n t he ot he r ha nd ,
p a rt of p ip eli ne p ressure drop is of fset due t o t ra ns2
f or mation of t he ki netic e ne rgy betwee n stea m a nd
oil .

Fig. 7　Results of pressure

3 . 3 　W ater f raction

From t he economic viewp oi nt , it is more p rof2
i t a ble a nd cost2ef f ective t o i ncrease oil te mp erat ure
usi ng a mi ni mum a mount of stea m . Si mpson a nd
Cha n [ 9 ] exp e ri me ntally exa mi ned t he heat t ra nsf e r
of stea m jet conde nsation at a n i nte r mediate stea m
f low rate (subsonic jets ) . They obse rved t hat t he
dyna mics of subsonic jets were quite dif f e re nt f rom
t hose of sonic jets a nd f ound t hat t he ave ra ge heat
t ra nsf e r f or subsonic jets was a bout one2f if t h t o
one2te nt h of t he sonic jet values .

Wit h t hese results , t he sonic stea m jet is t he
p ref e r red choice , w hich ca n be obtai ned at t he
nozzle exit by a djusti ng t he stea m p ressure . The
relation betwee n nozzle p ressure a nd jet velocit y is
give n as

m = A 2
2 k

k - 1
p0ρ0 [ (

p2

p0
)

2
k - (

p2

p0
)

k +1
k ] (3)

m ———stea m mass f low rate , kg/ s
A 2 ———nozzle exit a rea , m2

p0 ———nozzle p ressure , Pa

p2 ———back p ressure of nozzle , Pa

ρ0 ———stea m de nsit y , kg/ m3

k ———coef f icie nt , 1 . 13
Wate r f raction i n crude oil ca n be calculated

not only f rom Eq. (3) ( Met hod 1) , but also f rom
t he heat equilibrium e quation t hat gives t he late nt
heat of conde nsed stea m t o be e qual t o t he a bsorp2
t ion heat needed f or i ncreasi ng oil te mp erat ure
(Met hod 2) . I n f act , measured data is la r ge r t ha n
calculated data by Met hod 2 , w hile close t o t he
calculated data by Met hod 1 . So Met hod 2 overes2
t i mates t he heat excha nge ratio . I t s hould be noted
t hat measure me nt data also has e r rors , w hich a re
caused by t he i ncomplete sep a ration of t he wate r i n
oil sp eci me n . W hateve r t he dif f e re nces might be ,
wate r conte nt i n crude oil was f ound t o i ncrease
less t ha n 8 % w he n a te mp erat ure i ncreases a bout
30°C.
3 . 4 　Restart2up af ter emergent shut dow n

For ef f icie nt op e ration of a p ip eli ne syste m , it
is desi ra ble t o mai ntai n a stea dy a nd conti nuous
stea m f low rate wit hout a ny i nte r rup tion . Howev2
er , t ra nsp ortation s hut dow n may occur regula rly
f or op e rational reasons a nd occasionally f or e mer2
ge ncy reasons . W he n t he stea m pip eli ne is s hut
dow n , oil may f low t hrough t he nozzle t o t he heat2
i ng section of t he jet p ump due t o p ressure at i nne r
p ip e bei ng highe r t ha n t hat at t he heati n g section .
Checki ng valves p reve nt crude oil f rom its f lowi ng
t o t he stea m pip eli ne . I n wi nte r , or i n subsea a r2
eas , t he wa r m crude oil may be cooled below its
f reezi ng p oi nt , f or mi ng a gel . To resta rt t he
p ip eli ne , a stea m p ressure highe r t ha n t he usual
op e rati ng p ressure is requi red t o ove rcome t he gel
st re ngt h of t he solidif ied oil . The f i rst step re2
qui res op e ni ng t he valves t o connect t he stea m t o
t he keep i ng te mp erat ure section of jet p umps . The
high te mp erat ure stea m will melt t he solidif ied oil
i n t he heati ng section . The second step is op e ni ng
t he valves connected wit h t he heati ng section of jet
p umps , t he n oil f lows wit h stea m jet t h rough noz2
zles t o t he oil p ip eli ne . The p ip eli ne ca n be resta rt2
ed af te r t he stea m clea rs t he gelled oil i n t he jet
p ump a nd p ip eli ne .
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4 . 　CONCL USION
(1) Crude oil te mp erat ure is i ncreased greatly

by a s mall qua ntit y of stea m due t o t he high stea m
late nt heat a nd di rect contact heat t ra nsf e r coef f i2
cie nt .

(2) A jet p ump has bee n designed based on t he
f ree i njection p ri ncip le , p rovided wit h no rotation
p a rts a nd no convergi ng mixi ng cha mber , so t hat it
may ha rdly be blocked by crude oil .

(3 ) The oil t ra nsp ortation te mp erat ure could
be alte red i n a ce rtai n ra nge by a djusti ng t he stea m
p ressure a nd f low rate .

(4) Si nce oil obtai ns e ne rgy f rom high velocit y
of stea m jet i n heatig , a p a rt of p ip eli ne p ressure
drops could be of fset a nd t he p ip eli ne t ra nsortation
a bilit y has bee n e nha nced.

(5) The jet p ump not only could heat crude oil
by i njecti ng stea m , but also could be used f or clea r2
i ng of f oil re m na nts i n p ip eli ne .
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