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ABSTRACT

Artificial upwelling is considered as a promising technology to recover the marine 
environment, especially for fishery environment recovery. This paper studied basic 
characteristics of “differential-heating- liquid- upwelling” (DHLU) in open surroundings 
with PIV and numerical analysis. Flow field of upwelling under typical condition was 
measured with particle image velocimetry (PIV), and a reasonable numerical model 
was built on the base of experimental data to study the key characteristics of DHLU 
system by numerical simulations. Results show that the upwelling in DHLU is mainly 
driven by the masses with high ascending speed. It is reasonable to choose k-ε turbu-
lence model to study the flow field of DHLU in simulation. All of the three important 
parameters such as characteristic ascending speed, the cross-sectional area of upwelling 
stream and the upwelling’s flow rate are all increase firstly and then decreases while 
the height from the heating source increases. But the position of maximum value for 
characteristic ascending speed is much lower than the other two parameters. The drop 
of ambient temperature is not favorable for the production of upwelling. A flow rate 
as high as 95.9 cm3/s was reached in studied cases in this paper.
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RESUMEN

La surgencia artificial se considera como una técnica prometedora para la recuperación 
de ambientes marinos, especialmente para pesquerías. Este trabajo estudia las caracterís-
ticas básicas del calentamiento líquido diferencial de surgencias (DHLU, por sus siglas 
en inglés) en ambientes abiertos con velocimetría de imágenes de partículas y análisis 
numérico. El campo de flujo de la surgencia en condiciones típicas se midió con PIV 
y se construyó un modelo numérico razonable con base en datos experimentales para 
estudiar las características clave del DHLU con simulaciones numéricas. Los resultados 
muestran que la surgencia en un sistema DHLU producida principalmente por las masas 
con velocidad ascendente. Es razonable escoger el modelo de turbulencia k-e para estu-
diar el campo de flujo DHLU en la simulación. Los tres parámetros importantes como la 
velocidad característica de ascenso, el área de sección de la corriente de la surgencia y la 
tasa de flujo de la surgencia, se incrmentan primero y luego disminuyen mientras la altura 
desde la fuente de calor aumenta. Pero la posición del valor máximo para la velocidad 
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característica ascendente es mucho menor que los otros dos parámetros. La caída de la 
temperatura del ambiente no es favorable para producción de la surgencia. En los estudios 
de caso reportados en este trabajo se alcanzó una tasa de flujo tan alta como 95.9 cm3/s.

INTRODUCTION

Upwelling can bring the nutrients which are rich 
in deep seas to the surface of ocean, and then the 
phytoplanktons which is at the bottom of most ma-
rine food chains can be fed. That can bring suitable 
living environment for fish and other marine organ-
isms (Williamson 2009, Li et al. 2018). So, the areas 
with natural upwelling are the most productive ocean 
fishing grounds in the world (Ryther 1969, Teng and 
Zhou 2017).

In recent years, the global offshore ecological en-
vironment has been worth. And the fishery resources 
declined (Brian 2003, Usman et al. 2017). Natural 
ocean upwelling has disadvantages because of its 
seasonal and spatial limitations (Jeffrey 2001, Mi 
et al. 2016, Yu 2001). Artificial upwelling can make 
up for those limitations and play an important role 
in the marine environment recovery and the fishery 
resources development (Fu and Liu 2017, Yang et al. 
2017, Dzida and Girtler 2016). In addition, upwell-
ing has been found as a promising way to reduce the 
accumulation of anthropogenic carbon dioxide in the 
atmosphere (Pan et al. 2015, Fu and Liu 2017, Anees 
et al. 2017).

In the past few decades, artificial upwelling 
technologies have been studied, and many research 
achievements have been gained. A group researcher 
developed an artificial upwelling device called 
“Takumi” (Kazuyuki and Alan 2003, Kazuyuki and 
Hiroyuki 1999, Franco et al. 2017). The device had a 
large floating offshore platform. And it used pump to 
lifting nutrients from deep sea. The prototype of the 
machine was manufactured and set-up at the center 
of Sagami Bay in Japan. However, the upwelling 
flow rate is only about 1.2 m3/s.

Another group of researchers proposed to make 
artificial upwelling by using wave pump which was 
combined with check valve (Isaacs et al. 1976, Liu 
1999, Liu and Jin 1995, Cheung et al. 2017). The main 
principle of the wave driving device is that the valve 
is only open on the down slope of a wave and close 
on the up slope. An estimated flow rate is about 0.45 
to 0.95 m3/s for a wave height of 1.90 m and a wave 
period of 12 s (Angelicque 2010, Tan et al. 2017).

A group researcher proposed an artificial upwell-
ing system based on the concept “perpetual salt 

fountain”. In many areas of the tropical and subtropi-
cal ocean, warm salty water overlies colder fresher 
water (Tsubaki et al. 2007, Singh et al. 2018, Rog-
ers et al. 2016, Khan et al. 2017). And that causes 
a famous vertical convective motion calling “salt 
finger”. The salt fingers occur because of the differ-
ence in the diffusivities of heat and salt. When a pipe 
is inserted to connect deep sea and the surface, and 
the pipe is filled with the low salinity deep sea water, 
the salinity of the water inside the pipe is lower than 
that outside (Kori et al. 2018). The upwelled deep-
sea water becomes almost the same temperature as 
the surrounding water. Hence buoyancy occurs in the 
pipe. The upwelling flow can be continuing as long 
as the differences of the temperature and salinity 
exist. The flow rate with a single pipe was estimated 
at approximately 45 m3/day. 

Some researchers proposed an air-lift pump for 
upwelling deep ocean water (Liang et al. 2005). For 
the air-lift pump the air is compressed into a vertical 
pipe, dipped in water. Bubbles ascend and the water 
level in the pipe rises due to the density decrease in 
the air–water mixture (Halin et al. 2017). Once the 
water level reaches the top of the pipe and the water 
flows out, the water flows continuously from the 
lower end. For the air-lift pump the seawater flow 
rate ratio could be hundred times higher when com-
pared to the air flow rate. A studied the air-lift pump 
experimentally and the effect of the air-lift upwelling 
method was confirmed (McClimans et al. 2010, Fan 
et al. 2013). Some researcher tried to apply the air 
bubbler technology in ice control of harbours (Pan 
and Eranti 2007, Pan and Eranti 2009). A studied the 
influence of the bubble parameters on the upwell-
ing flow rate (Tian et al. 2014). Other studied on 
the influence of air-lift artificial upwelling on water 
temperature (Leng et al. 2014, Zaidi et al. 2017).

A group researcher proposed an artificial upwell-
ing technology via differential heating method, which 
was named “Differential-Heating-Liquid-Upwelling” 
(DHLU) (Lv et al. 2014). This renovation technology 
is bases on the phenomena that the vertical tempera-
ture gradient of fluid, which is hot at bottom and cold 
at top, can cause the vertical density gradient inside 
the fluid, which will cause the inner vertical convec-
tion of the fluid for the reason of buoyancy. This 
technology tries to transfer the solar heat into deep 
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seawater and heats the deep seawater to make a local 
warm zone. It is proved that the warm zone located in 
deep water can produce effective upwelling in water.

In this paper, we studied the flow field character-
istics of DHLU system with PIV experiments and 
CFD numerical simulations. First, we measured and 
analyzed the flow field characteristics of DHLU in 
typical cases by PIV experiments. And then, the CFD 
numerical model was built according to the experi-
mental results. Next, several numerical simulation 
studies were carried out to explore the influences of 
some important factors on the flow field character-
istics. Finally, some conclusions are summarized.

EXPERIMENTS

Experimental setup 
Our laboratory has established the experimental 

system of DHLU. The schematic view of the system 
is shown in Fig.1. The system consists of five parts, 
including a glass tank, a heating system, a cooling 
system, a temperature measure system, and a PIV 
system. The experimental system can simulate the 
marine environment, and make temperature differ-
ences artificially to create upwelling, and measure 
the velocity field of upwelling.

The glass tank was used to modelling the environ-
ment of the upwelling. Its size was 700×400×550 
mm. The tank was filled with water. The depth of 
water was kept at 500 mm. At the top of the tank there 
was a water cooler. The water cooler was immerged 
into water and it was made by a continuously curved 
copper tube, which was connected with a cryostat 
circulator. The water cooler and the cryostat circula-
tor composed the cooling system, which temperature 
could be set to a fixed value with a precision of ± 
0.05 ºC. The cooling system was used to keep the 
temperature of the top water layer at a constant lever. 

The heating system consisted of a heating stick 
and a temperature & power controller. The heating 
stick was fixed vertically at the bottom center of the 
glass tank, as Fig. 1 shows. The height of the heat-
ing stick’s head from the bottom of tank was fixed at 
75 mm. Rubber seals were used to seal the heating 
system. The temperature & power controller could 
control the heating temperature or the heating power 
of the heating stick. In our experiment, we chose to 
control the heating power.

The temperature measure system consisted of a 
data logger (model HP34970A, Agilent Technolo-
gies, Inc.) and a group of eight K-type thermocouples. 
Those thermocouples distributed along a thin straight 
metal rod for every 50mm, as shown in Fig. 1. The 

Fig. 1. The schematic view of the system
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bottom thermocouple is 10mm away from the top of 
the heating stick. The temperature measure system is 
used to measure the vertical temperature distribution 
of upwelling centre.

The PIV system (model V3V-2D PIV, TSI Co.ltd, 
USA) was used to measure the velocity field of the 
upwelling. The PIV system includes a laser (Nd:YAG 
laser, 350mJ, 15 Hz), three cameras (PowerView 
Plus 4MP, 2K × 2K pixels ), and a synchronizer. In 
this paper, 2D PIV experiments were carried out to 
study the flow field characteristics of DHLU system. 

In the typical experimental case, the power of 
heating stick was set at 100 W. And the initial water 
temperature was set at 15 ºC. In each case, the tem-
perature of water in the glass tank and the cooling 
system were all set at 15 ºC firstly. And then the 
heating stick heated at a constant power of 100 W. 
After about 10 min, when there was steady upwelling 
that could be observed in tank, PIV system started to 
measure the flow field.

Experimental results and discussion
When the initial water temperature was 15 ºC 

and the heating power was 100 W, the instantaneous 
vertical velocity field and vorticity field of upwelling 
which was measured by 2D-PIV in a certain state are 
show in Fig. 2 and Fig.3. Here we are primarily con-
cerned with the ascending velocity of upwelling. So, 
we discussed mainly about the Y-direction velocity 
component of velocity field, which positive direction 
means ascending direction. Results show that there 

are a lot of water masses with high ascending speed in 
DHLU system. These fast-floating water masses lead 
to the rising of surrounding water, and thus upwelling 
forms. The production of these fast-ascending water 
masses is assumed to be the mechanism of upwell-
ing generation in DHLU system (Lv et al. 2014, Li 
et al. 2018).

As the upwelling in DHLU system is generated by 
way of fast ascending water masses, the instantaneous 
velocity field of upwelling in DHLU is unstable. In 
order to study the basic flow field characteristics of 
DHLU, we calculated the time averaged mean flow 
field of 30 continuous instantaneous velocity fields 
which were measured by 2D PIV. The interval time 
between two continuous PIV field data was 0.015s. 
The mean velocity field seemed to be steady. So, it 
could be used to analyze the basic characteristics of 
the flow field in DHLU system. 

The mean velocity field of upwelling in typical 
case is shown in Fig. 4. As the figure shows, the 
fastest ascending speed in upwelling center occurs 
at a height of about 100mm from the heating source. 
The upwelling stream entrains more and more new 
fluid from surroundings when it ascends. And that 
causes the cross-sectional area of the upwelling keep-
ing expanding when the height grows. And finally, 
a stream tube of upwelling which shape is just like 
an upside-down cone is formed. At water surface, 
water always flows from center to periphery. There 
is obvious large reflux existing at the outside area of 
upwelling near the water surface. We will discuss 
detailed about the specific characteristics of upwell-
ing in DHLU in section 4.

Fig. 2. The instantaneous vertical velocity field of upwelling 
(The initial water temperature was 15 ºC and the heating 
power was 100 W)

Fig. 3. The vorticity field of upwelling (The initial water tem-
perature was 15 ºC and the heating power was 100 W)
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NUMERICAL SIMULATIONS

Geometric model and computational grids
Geometric model is built based on the experimen-

tal system of DHLU, which was described detailed 
before. The geometric model has two parts. One is 
the water tank model with a size of 700×400×500 
mm. The water tank is assumed full of water. The 
other part is the cylindrical heating stick model with 
a height of 75 mm and a diameter of 14 mm. As in 
reality, in geometric model the heating stick was also 
fixed vertically at the bottom center of the glass tank, 
as Fig. 5 shows.

Structured grids were generated by CFD pre-
processing software GRIDGEN. To study the heat 
transfer process nearby the heat source, grids near the 

heat source are densified, as Fig. 6 shows. Accord-
ing to the experimental results, the upwelling flow 
existed major in the area near and above heat source. 
Especially in the area above the heat source, a great 
gradient of velocity was observed along the axis of 
cylindrical heating stick. So, to study the flow char-
acters of upwelling in DHLU, the grids of the area 
above the heat source and near the axis are densified 
too. In addition, considering the wall effect of water 
tank, the grids near tank wall are densified, as Fig. 7 
shows. The whole 3D grid system of calculation 
domain is shown in Fig. 8.

Numerical models and boundary conditions
As shown in Fig. 2 and Fig. 3, a lot of eddies 

and high-ascending water masses were observed in 
DHLU system in experiments. So, the flow of DHLU 

Fig. 4. The mean velocity field of upwelling in typical case (The 
initial water temperature was 15 ºC and the heating power 
was 100 W)

Fig. 5. Geometric model

Fig. 6. Densified grids near the heat source

Fig. 7. Densified grids at the center and near the walls
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is a typical turbulent flow. Therefore, the standard k–ε 
turbulence model was chosen for all numerical simu-
lations in this paper. It is one of the most commonly 
used models in CFD applications for turbulent cases. 
The FLUENT module of the famous CFD software 
ANSYS 14.0 was applied in simulations.

In the numerical simulation, material of fluid was 
chosen as liquid water. The module “piecewise-liner” 
was used to define the parameters of liquid water 
at different temperatures, such as density, specific 
heat, thermal conductivity and viscosity, as shown 
in Table I.

For boundary conditions, the five walls of water 
tank were set as Stationary Wall. As in modeling 

ocean environment, the ambient temperature could 
be seemed as constant value in certain period of time. 
So, the walls’ thermal conditions were all set as with 
constant temperatures which equal environmental 
temperature. The side surface of the heating stick 
was set as Stationary Wall. And as the side surface 
was the main heating surface of the heating stick, 
its thermal condition was set as with constant heat 
flux which was decided by the heating power. The 
top surface of the heating stick was set as Stationary 
Wall too. But as there was thermal insulation coating 
on the top surface of heating stick in experiments, 
the thermal condition of the top surface in model 
was also set as adiabatic. The water surface in model 
was set as Stationary Wall. And its thermal condition 
was set as with constant temperatures which equals 
environmental temperature.

Comparison of the experimental and numerical 
results

In order to analyze the reliability of the numerical 
model, we simulated the typical case with a fixed 
initial water temperature of 15 ºC and a heating power 
of 100W, which was conducted in experiments, as 
Section 2.2 shows. The simulation results were ana-
lyzed by the post-processing software’s TECPLOT 
and FIELDVIEW, as shown in Fig. 9.

We compared the numerical simulation results 
and the experimental time-mean results. Results were 
shown in Fig. 10 to Fig. 12. The velocity distribution 
characters of the upwelling flow field in simulation 
results are quite consistent with that in experimental 
results in the same case, as Fig. 10 shows. To analyze 

Fig. 8. The whole 3D grid system of calculation domain

TABLE I. PARAMETERS OF LIQUID WATER AT DIFFER-
ENT TEMPERATURES (Liu 2013)

T
(K)

ρ
(kg/m3)

cp 
(J/kg·K)

λ
(W/m·k)

μ
(kg/m·s)

283.15 999.7 4191 0.57 0.0013077
293.15 998.2 4183 0.6 0.001005
303.15 995.6 4178 0.62 0.0008007
313.15 992.2 4178 0.63 0.000656
323.15 988 4178 0.64 0.0005494
333.15 983.2 4183 0.66 0.0004688
343.15 977.8 4178 0.67 0.0004061
353.15 971.8 4195 0.67 0.0003565
363.15 965.3 4204 0.68 0.00032
373.15 958.4 4212 0.68 0.00028

Fig. 9. The velocity field of upwelling in typical case. (The initial 
water temperature was 15 ºC and the heating power was 
100 W)
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the vertical ascending speed changes in upwelling, 
we choose the ascending speed in upwelling along 
with the axis of heating stick as the Characteristic 
Ascending Speed. We compared the characteristic 
ascending speed and the cross-sectional area of 
upwelling stream at different height in simulation re-
sults and experimental results, as Fig. 11 and Fig. 12 
shows. The change of characteristic ascending speed 
vs. height in simulation results was quite consistent 
with the experimental results: the characteristic as-
cending speed increased firstly and then decreased 
as height increased; And finally, the ascending speed 
dropped quickly to zero while near the water surface. 
From sight of the value, the characteristic ascend-
ing speed and the cross-sectional area of upwelling 
stream at different height were also very close to 
each other for simulation results and experimental 
results. But the maximum characteristic ascending 
speed in simulation results was a little higher than 
that in experimental results. And the height with the 
maximum ascending speed in simulation results was 
a little lower than that in experimental results.

In summary, the simulation results could reflect 
quite well the quantitative and qualitative nature of 
the flow. The numerical model we built in simulation 
study was reliable for target cases. So, we studied 
some basic characteristics of DHLU with numerical 
simulation method as follows.

RESULT OF THE NUMERICAL 
CALCULATIONS

There basic characteristics of the DHLU such as 
characteristic ascending speed, the cross-sectional 
area of upwelling stream and the flow rate of up-
welled water were studied by numerical simulation 
under a heating power of 100W. Three typical initial 
water temperatures were tested here, including 15 ºC, 
20 ºC and 25 ºC. 

The variation rules of characteristic ascending 
speed in upwelling

As mentioned before, the characteristic ascending 
speed was defined as the Y-direction velocity com-
ponent in upwelling along with the axis of heating 
stick at different height. That concept can represent 
the highest ascending speed of time mean flow 
field at each horizontal section. Fig. 13 shows the 
characteristic ascending speeds at different heights 
for three typical initial water temperatures. Results 
show that in a certain case with a fixed power and a 
given initial temperature, the characteristic ascending 

Fig. 10. Comparison of the velocity fields in typical case. (Left 
is the simulation result, Right is the experimental result)

Fig. 11. Comparison of characteristic ascending speeds

Fig. 12. Comparison of cross-sectional areas
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speed increased firstly and then decreased slowly as 
height increased. And when nearing the water surfa-
ce, the ascending speed dropped quickly to zero. The 
maximum characteristic ascending speeds in studied 
cases appeared at a place of about 50 mm-100 mm 
high from the heating source. With the same heating 
power, the characteristic ascending speed at a certain 
height seemed significantly higher in case of 20 ºC 
initial water temperature than in case of 15 ºC. But 
that characteristic parameter was only a little higher 
in case of 25 ºC initial water temperature than in 
case of 20 ºC. That means in a certain scale of initial 
water temperature, when the heating power is kept the 
same, the characteristic ascending speed at a certain 
height increases as the initial water temperature in-
creases. But the increasing range decreases gradually.

The variation rules of upwelling-stream’s cross-
sectional area

The upwelling stream’s cross-sectional area is 
defined as the total area of horizontal section which 
has the positive Y-direction velocity, which means 
the ascending speed. In this essay, in order to count 
conveniently, we define upwelling’s effective cross-
sectional area that is the area whose Y-direction 
velocity is more than 0.01 m/s.

The simulation results of cross-sectional area at 
different height for three typical initial water tem-
peratures are shown in Fig. 14. Results show that in 
certain cases with a fixed power and a given initial 
temperature, the cross-sectional area of upwelling 

stream increased firstly and then decreased slowly 
as height increased. And when nearing the water 
surface, the ascending speed dropped quickly to zero. 
In the three studied cases, when the height from heat-
ing stick is lower than 350mm, the increasing speed 
of cross-sectional area goes faster when the height 
increases. Because the ascending speeds in areas near 
the water surface are too small to be counted. So, the 
counted cross-sectional area decreases while near 
the water surface. And therefore, the counted results 
are not quite precise while near the water surface 
(In cases of this paper, the area higher than 350mm 
from the heating stick can be seem as the area near 
water surface.) The cross-sectional area of upwelling 
stream at the water surface is zero while the ascending 
speed there is zero. 

Under a fixed power and a given height, the 
cross-sectional areas of upwelling stream for the 
initial water temperature of 20 ºC is obviously larger 
than 15 ºC, especially at a higher height. But these 
parameters are almost the same between the cases 
with an initial water temperature of 20 ºC and 25 ºC. 
The initial water temperature plays little influence 
on the cross-sectional areas while the height is be-
low 150 mm. While the height is higher than 150 
mm, the cross-sectional area of upwelling stream 
increases as the initial water temperature increases 
in a height scale. But the increasing rate will drop to 
zero gradually.

Fig. 14. The cross-sectional area of upwelling stream vs. height 
with different initial water temperatures

Fig. 13. Characteristic ascending speeds vs. height for different 
initial water temperatures
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The variation rules of upwelling’s flow rate
The flow rate of whole upwelling is counted 

through the flow rates in the effective flow area of 
upwelling, just as follows:

∑=
EA

ii AvQ d

The simulation results of upwelling’s flow rate 
at a heating power of 100 W for three typical initial 
water temperatures are shown in Fig. 15. The results 
show the same variation trend in flow rate with the 
cross-sectional area. 

In certain cases, with a fixed power and a given 
initial temperature, the flow rate of upwelling 
increased as the height increased firstly and then 
decreased while near the water surface. In the three 
studied cases, when the height from heating stick is 
lower than 350 mm, the increasing rate of upwell-
ing’s flow rate goes faster when the height increases. 
But the counted flow rate near the water surface is 
not quite precise because of the deviation about the 
counted cross-sectional area near water surface.

Under a fixed power and a given height, the 
flow rate of upwelling stream for the initial water 
temperature of 20 ºC is obviously larger than 15 ºC, 
especially at a higher height. But that parameters are 
almost the same between the cases with an initial wa-
ter temperature of 20 ºC and 25 ºC. The initial water 
temperature plays little influence on the upwelling’s 
flow rate while the height is below 150mm. While 
the height is higher than 150 mm, the flow rate of 

upwelling increases as the initial water temperature 
increases. But the increasing rate will drop to zero 
gradually. Overall, the drop of initial water tem-
perature (ambient temperature) is not favorable for 
the production of upwelling. In studied cases in this 
paper, a maximum flow rate of 95.9 cm3/s was got.

CONCLUSIONS

In this paper, the characteristics of the flow field 
in DHLU in open surroundings were studied by PIV 
system. And the simulation model was built based on 
the experimental results. And then the numerical simu-
lation studies were carried out to study the influences 
rules of several important parameters at typical heating 
power. The PIV studies indicated that the upwelling 
in DHLU system is mainly driven by the masses with 
high ascending speed. It is reasonable to use the k-ε 
turbulence model to study the flow field of DHLU in 
simulation. The simulation results can reflect the basic 
features and the variation rules of simulated object. 
The simulation studies showed that the characteristic 
ascending speed increases firstly and then decreases 
while the height from the heating source increases. 
The maximum value appeared at a height scale of 
50mm-100mm from the heating source in this paper. 
The variation trends of the upwelling’s flow rate are 
consistent with the cross-sectional area of upwelling 
stream: both the parameters are increases firstly and 
then decreases as the height increases. The maximum 
value of above two parameters appeared at a height of 
350 mm in this paper. The drop of ambient temperature 
is not favorable for the production of upwelling. A 
flow rate as high as 95.9 cm3/s was reached in studied 
cases in this paper.
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