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ABSTRACT : The direct contact heating of crude oil with steam
is promisng technique for improving crude oil trangortation in
pipelines Crude oil temperature is increased greatly by a smal
quantity of steam due to the high steam latent heat and direct
oontact heat trander. A jet pump was developed for injecting
steam into oil inorder to get a high eficiency by tranderring mo-
mentum and energy from a high-velocity jet to ambient fluid.
The jet pump was dedgned based on the free injection principle,
which has no rotation parts and no converging mixing chamber ,
thereforeit would not be blocked by the visoous crude oil. The
technicd feaghility of this method has been tested in the Liaohe
Oilfed, China.
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1. INTRODUCTION

Pipelines are the most economical and feasible
means for transportation of large quantities of
crude oil (hereinafter, crude oil is called oil for
short) . Generally, oil viscosity less than 2 X
10°mPa- s is desirable for pipeline transportation.
However , heavy oil accountsfor alarge fraction of
potentially recoverable oil reserves in China. The
viscosity of these oils at 25°C varies from 10°mPa-s
to more than 10°mPa-s. Conventional pipeines are
not suitable for transporting the heavy oil from the
reservoir to the refinery because of their high vis
cosity. Several alternative transportation methods
were proposed, including dilution with lighter oil ,
reducing viscosity with chemicals, or preheating
the oil before transporting in pipelines[l'z]. Each
of these methods may have logistic, technical , or
economic drawbacks for a given application. It is
beneficial to dilute the heavy oils with lighter oil is
produced in the same oil district. The effect of re-
ducing viscosity by adding some chemicals into oil
has some drawbacks, for there are no chemicalsin-
to oil has some drawbacks, for there are no chemi-
cals that can matches all kinds of oils, and the re-
finement quality of oil will be affected.

Oil viscosity exponentially decreases with tem-
perature, so it has a potential to improve heating
method, but the efficiency of conventional heating
methods by warm water or power is very low. A
number of proposed empirical heat transfer corre-
lations for direct condensation of steam jets in sub-
cooled water pools[3'4]. These results show that the
direct contact condensation heat transfer is very
efficient heat transferring mechanism. Therefore,
it is thought to apply this technology for heating
oil .

Jet pumps are broadly used nowadays in indus-
trial applications because they are capable of creat-
ing homogeneous single or two-phase mixture in
the mixing chamber. Therefore, a jet pump is
adopted for injecting steam into oil. Its velocity is
very high, therefore its momentum and energy are
transported instantly to the oil side through the in-
terface between steam and oil. The main compo-
nents of the conventional jet pump are a nozzle, a
mixing chamber and a diffuser. This jet pump is
not suitable for heating heavy oil because high vis
cosity oil may solidify at its throat. The objective
of the present investigation is to design a new jet
pump that is capable of immediate heating and
transporting oil with the prevention of pump
blockage. The jet pump is designed based on the
free injection principle. The mixing chamber of
the pump is not converging but cylindrical , and its
diameter is the same as that of pipeline, which
makes the blockages of the jet pump highly unlike-
ly. The technical feasibility of this method was
tested using a pipeline of 300m in length and 3
inches in diameter at the Liaohe Oilfield, China.

2. DESIGN OF THE JET PUMP

A new jet pump was designed based on param-
eters of transportation popeline at the Liaohe Oil-
field (see Table 1). Schematic diagram of the jet
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pump is shown in Fig. 1. It is composed of three
coaxal pipes. The inside diameter of the inner pipe
is 3 inches, which is the same as that of the oil
transportation pipeline. There are 4 titled holes on
the pipe wall, one for each nozzle. The gap be-
tween the inner pipe and the middle pipe is used
for heating, which is called heating section, while
the gap between the middle pipe and the outside
pipeis required to maintain temperature, which is
called temperature preservation section. They are
both connected with the steam pipelines. The
steam in the heating section is injected into pipe
through the four nozzles due to the pressure at this
section being higher than that in inner pipe. The
pressure ratio between heating section and pipe is
close to the critical ratio, which means jet velocity
is sonic at nozzle exit. There is a section of screw
on the outside of the middle pipe. The steam in the
temperature preservation section flows spirally a-
long the screw, which keeps steam quality in the
heating section.

Tablel Summary of Test Conditions

Substance Parameter
Insde Diameter 80mm
Pipe Length 300m

Pressure 0.16Mpa
Temperature 75°C

Flow rate 21.6m°/ d
Water Fraction 19 %

steam
- E
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Fig.1 Schematic diagram of jet pump

The major controlling parameter in the jet
pump design is nozzle size because steam mass flow

is a function of the steam pressure and the nozzle
size. Steam mass flow is calculated based on the oil
temperature increment , while steam pressure is de-
cided according to transportation conditions,
which is higher than that in oil pipe. With the con-
sideration of above two conditions, small nozzle
size is chosen. It is consistent with the results by
Simpson and Chan'®. Their experimental data
clearly showed that the average heat transfer coef-
ficient increases significantly as the nozzle diame-
ter is reduced. In other words, the direct conden-
sation heat transfer occurs more efficiently when
the steam is injected through smaller diameter noz-
zles. Therefore, the small size of nozzles is a per-
fecting choice for obtaining high heat transfer co-
efficients.

The jet pump is made of alloy steel. Its surface
was processed by nichrome for enduring high pres-
sure and temperature. For operation safety, the jet
pump was tested for having no leak by gas and en-
suring its endurance of high pressure by water,
whose pressures are 1.5 times larger than that of
operation. The photograph of the jet pump is
shown in Fig. 2.

FHg.2 Photograph of jet pump
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3. EXPERIMENTS

Table 1 is a summary of the test conditions of
oil well 310152 at the Liaohe oilfield, China. The
oil viscosity as a function of temperature is illus-
trated in Fig. 3.

A schematic diagram and photographs used f or
the oil pipeline transportation experiment are
shown in Fig.4. Four jet pumps were installedin a
300m oil pipeline with a distance of 5m, 15m,
180m and 290m from the start of the pipeline. The
roles of these four jet pumps are as follows. The
temperature of heavy crude oil increased to an ap-
pointed value af ter passing through the first two jet
pumps. The third jet pump offsetted the heat |oss
caused by the heat conduction effects on the pipe
wall. The last jet pump was used to clear oil rem-
nants in the pipeline after transportation was
stopped. The oil temperature transportation was
stopped, The oil temperature was measured by the
use of a Centigrade thermometer protruding
through sealed penetration on the walls. The pres-
sures were measured by pressure-meters mounted
on both sides of the jet pumps.

Steam was supplied by a steam pipeline the

7 2009 China Academic Journal Electroni blish

pressure of which was controlled by three gate
valves. Two checking valves were installed at
steam inlets of the jet pumps to prevent oil back
flowing through the nozzle to the steam pipeline.
3.1 Risetime of crude oil temperature

Risetime of oil temperature is a key criterion
in heating transportation because it is not cost-effi-
cient if the risetime is too long. A number of ex-
perimental studies were performed in order to es
tablish the empirical correlations of the heat trans-
fer coefficients for various steam mass fluxes and
pool temperatures. The heat transfer areas were
obtained with the assumption of a smooth interface
between steam and water in the calculation of heat
transfer coefficients since it is extremely difficult
to estimate the exact surface area contributed to
the heat transfer. As the indicated relationship by
several researchers ﬁwe”average heat transfer coef-
ficient was defined by
Q = GAc(hs- h) = hA(Ts- Tr) (D
where G, Ae, hs, and h; are the steam mass flow ,
nozzle exit area, steam enthalpy and water en-
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thalpy, respectively and h, A, Tsand T; , are the
average heat transfer coefficient, jet surface area,
steam temperature and water temperature, respec-
tively. The average heat transfer coefficient in the
experiment is in the range of 1.24-2.05 MWm 2
C'l, which is head and shoulders above that by
warm water or power.

Although the diff erence between crude oil and
water may cause some errors, it is believed that the
order of the magnitude in the heat transfer coeffi-
cient does not change significantly.

Fig.5 given a correlation between the oil tem-
perature and pipeline length. It is clear from these
results that the heating effect of the jet pump is
very high because oil temperature increases quickly
from 75° C to 103° C (case 1) affter oil passes
through the first two jet pumps at a distance of
15m from the pipeline inlet. Transportation is
nearly isothermal because the heat insulation mate-
rial of oil pipeis very good. oil temperature drops
no more than 2° C when it flows through 180m
pipeline.
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3.2 Pressure drop

Predicating oil pipe pressure drop is very im-
portant in designing pipelins, but it can not be cal-
culated based on Newtonian fluid pressure drop e-
qguation due to high oil viscosity. In despite the lots
of models were developed for calculating pressure
drop of oil, there are no models that can fit all
kinds of oils under different conditions. Fig. 6
shows the comparisons of the predicted pressure
drop data between Newtonian flow model and
three oil models (i. e., the exponential model,
Bingham model and Karson model)[S]. It is clear
from these results that the differences of predicat-
ed data by different models are very large, so it is
an open problem to calculate pressure drop of oil
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Fg.6 Predicted pressure drop by three non-Newtonian flow
moded
When oil is heated, the viscosity decreases
from 3 x10°mPa-s at 75°C to 10°mPa- s at 100°C.
The oil pressure drop can be predicated approxi ma-
tively by Newton pressure drop equation as given
below.
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Q=
where Q —Fflow rate,m3/s

R ——adius of pipe, m

AP —-pressure drop, Pa

M —Oil viscosity, PaS

L ——ength of pipeline, m

In contrast, Fig. 7 gives three curves of the

pressure drops from measured data at different oil
temperatures and calculated values by Newtonian
model. As expected, measurement data are close
to the calculated data. So the pressure drop calcu-
lation is also simplified by heating transportation
method. The error between the measurement data
and calculated values is mainly due to the assump-
tion of the fluid model to be a single-phase fluid,
instead of twophase flow. On the other hand,
part of pipeline pressure drop is offset due to trans
formation of the kinetic energy between steam and
oil.
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3.3 Water fraction

From the economic viewpoint, it is more prof-
itable and cost-eff ective to increase oil temperature
using a minimum amount of steam. Simpson and
Chan[g]experimentally examined the heat transfer
of steam jet condensation at an intermediate steam
flow rate (subsonic jets). They observed that the
dynamics of subsonic jets were quite different from
those of sonic jets and found that the average heat
transfer for subsonic jets was about onefifth to
one-tenth of the sonic jet values.

With these results, the sonic steam jet is the
preferred choice, which can be obtained at the
nozzle exit by adjusting the steam pressure. The
relation between nozzle pressure and jet velocity is
given as

k] (3)

m= A, Jlgz_ﬁpopouﬁi)zk- (o
m ——-—steam mass flow rate, kg/s
A, —nozzle exit area, m?
po —hozzle pressure, Pa
p. —back pressure of nozzle, Pa
po ——steam density, kg/ m®
k ——eoefficient, 1.13

Water fraction in crude oil can be calculated
not only from Eq. (3) (Method 1) , but also from
the heat equilibrium equation that gives the latent
heat of condensed steam to be equal to the absorp-
tion heat needed for increasing oil temperature
(Method 2). In fact, measured data is larger than
calculated data by Method 2, while close to the
calculated data by Method 1. So Method 2 overes-
timates the heat exchange ratio. It should be noted
that measurement data also has errors, which are
caused by the incomplete separation of the water in
oil specimen. Whatever the differences might be,
water content in crude oil was found to increase
less than 8 % when a temperature increases about
30°C.
3.4 Restart-up af ter emergent shutdown

For efficient operation of a pipeline system, it
is desirable to maintain a steady and continuous
steam flow rate without any interruption. Howev-
er, transportation shutdown may occur regularly
for operational reasons and occasionally for emer-
gency reasons. When the steam pipeline is shut
down, oil may flow through the nozzle to the heat-
ing section of the jet pump due to pressure at inner
pipe being higher than that at the heating section.
Checking valves prevent crude oil from its flowing
to the steam pipeline. In winter, or in subsea ar-
eas, the warm crude oil may be cooled below its
freezing point, forming a gel. To restart the
pipeline, a steam pressure higher than the usual
operating pressure is required to overcome the gel
strength of the solidified oil. The first step re-
quires opening the valves to connect the steam to
the keeping temperature section of jet pumps. The
high temperature steam will melt the solidified oil
in the heating section. The second step is opening
the valves connected with the heating section of jet
pumps, then oil flows with steam jet through noz-
zles to the oil pipeline. The pipeline can be restart-
ed after the steam clears the gelled oil in the jet
pump and pipeline.



4. CONCL USION

(1) Crude oil temperature is increased greatly
by a small quantity of steam due to the high steam
latent heat and direct contact heat transfer coeffi-
cient.

(2) A jet pump has been designed based on the
free injection principle, provided with no rotation
parts and no converging mixing chamber, so that it
may hardly be blocked by crude oil.

(3) The oil transportation temperature could
be altered in a certain range by adjusting the steam
pressure and flow rate.

(4) Since oil obtains energy from high velocity
of steam jet in heatig, a part of pipeline pressure
drops could be offset and the pipeline transortation
ability has been enhanced.

(5) Thejet pump not only could heat crude oil
by injecting steam, but also could be used f or clear-
ing off oil remnantsin pipeline.
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