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ABSTRACT 

In this work, a vertical tube with porous media and Carbon dioxide have been used in order to study the 

characteristics of heat transfer at supercritical pressure experimentally. The diameter of tube was 10 mm and the 

porosity was 0.5. influence of many parameters have been employed such as, mass flow rate, inlet temperature, 

heat flux to measure the heat transfer characteristics which are; coefficient of heat transfer wall temperature and 

fluid bulk temperature with taking in consideration the effect of the thermophysical characteristics of super-critical 

CO2 and buoyancy. The results appeared that the lower pseudocritical temperature (Tpc), than the inlet temperature 

(To) leads to reduce the coefficient of heat transfer compared with the case of the pseudocritical temperature value 

higher than the inlet temperatures. Moreover, when the To < Tpc, temperatures of wall a little higher than Tpc and 

Tpc near the temperatures of fluid bulk, the coefficient of heat transfer reaches to the maximum upward and 

downward flows along the porous media tube in addition to the heat flux and coefficient of heat transfer are 

changing nonlinearly. Therefore, these varying in flows for heat transfer coefficient affected on the buoyancy. On 

the other hand, upward and downward flows working on reduce the coefficient when the temperatures of wall 

being higher than Tpc.  
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INTRODUCTION 

Nowadays, using of the supercritical fluids in industrial applications are considering a common phenomenon such 

as, engineering of power plant, refrigeration, aerospace, chemical and other engineering fields.  Also, employing 

of porous media in heat transfer processes had a great effect to store the heat and development the heat transfer 

but still need more development in transpiration cooling to store a high temperature. Therefore, one of the 

successful and performed methods to store the temperature is transpiration cooling. One of the most applications 

of this method is in chemical engineering. Where, hydrogen and water flows through the porous media surface 

lead to increase the heat transfer and working as coolant fluid at super critical pressure. In coal pyrolysis, the 

hydrogen will be produced due to flow the water as oxidizer at super critical pressure through the porous layers 

for coals. In impregnation process of SC-CO2, ammonium palmitate will dissolve in CO2 at supercritical media to 

repel water from cotton fabrics [1]. In order to solve the catalyst regeneration problem, extract the fluid based on 

supercritical CO2 considers one of the successful methods without any disadvantages [2].  

One of the main factors to increase the rate of heat transfer is the use of different fins in the miniature tubes, which 

were considered as a reference later [3]. Where the study proved that the effect of heat flow rate, friction 

coefficient, entry temperature and improvement efficiency on the evaluation criteria and Nusselt number. Pei-Xue 

Jiang et al. in two papers employed CO2 and porous media with 0.2 to 0.8 as a particle diameter at super critical 

pressure to study the characteristics of heat transfer for two miniature tubes in vertical position [4-5]. The first 

diameter was 0.984 mm, while the second diameter was 4 mm.  the results have compared with an empty tube 

and showed that there was difference between two cases on the characteristics of heat transfer. In geothermal 

application [6], supercritical Co2 as a working fluid has enhanced heat extraction for the system instead of using 

water and heated by hot dry rock. Co2 has injected inside the earth about 4000 m in depth and flow outside it after 

heating to the reservoir.  Enhanced geothermal system which injects working fluid through inject well into 
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reservoir that reached to the 400 0C of temperature and can be recycled in the geothermal power plant system 

without any pollution for the environment.  

Another comparison between supercritical Co2 and water has done in low porosity reservoirs by Atrens et al. with 

superior of supercritical Co2 [7]. Numerical investigation has conducted by Haghshenas Fard et al. [8] between 

water and CO2 geothermosiphon in thermo-hydraulic system using CFX software. Same conclusion has been 

observed that the supercritical CO2 led to enhance the heat transfer and pressure drop compared with the water 

injection for reservoirs. Yun et al. [9] proved that the coefficient of heat transfer has affected by heat flux compared 

with mass flux. Employing the Co2 in solar collector application experimentally to study the properties of heat 

transfer in local and critical points. The results showed that CO2 properties were influenced near the critical point 

compare with the local point on the system behaviour. Moreover, input heat flux, flow rate of mass, pressure and 

buoyancy considered one of the main parameters that affected on heat transfer. The influence of buoyancy also 

proved by Liao and Zhao [11] in different flow directions on the heat transfer coefficient experimentally. Also, 

when the flow be downward, there is a weakness in heat transfer under pseudo critical zone in spite of the 

horizontal position and forward flow have improved the heat transfer.  

Nasr et al. [12] used an experiment circular cylinder with a spherical particles package bed to study the forced 

heat transfer that led to enhance the Nusselt number compared with aluminium spheres up to 7 times. Both 

researchers [13] and [14] used porous media technique for flat plate channels to investigate the heat transfer 

experimentally and the results showed that the proposed technique increased the coefficient of heat transfer from 

5 to 10 times.  Another notice was the increasing due to the resistance in hydraulic at high fluxed of heat up to 4 

x 107 W/m2 when using single-phase water. The importance of viscosity should be taken in consideration at 

varying or temperature drop as argued Lai and Kulacki [15]. Jiang et al. [16] investigated the heat transfer 

behaviour with porous media numerically at different parameters which are; buoyancy, thermal conductivity of 

solid particle, variable properties and particle diameter. At very high heat fluxes, cannot neglected the effect of 

buoyancy in addition to affect the variable properties and supercritical pressure on heat transfer. As a result, 

employing porous media and CO2 at forward fluid flow in vertical mini-tube has proposed experimentally in order 

to investigate the inlet temperature influence, heat flux, pressure on heat transfer.  

EXPERIMENTAL WORK 

The experimental setup was done in this work with integrated measurement devices for studying the heat transfer 

behaviour with porous media and CO2 at forward fluid flow in vertical mini-tube as shown in Fig. 1(a,b,c). 

 

(a)                                                                        (b) 
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(c) 

Figure 1. (a) Actual Experimental setup, Experimental setup of supercritical carbon dioxide (Photo); (b) 

schematic Experimental Work 1- cylinder 2,10,1217 expansion valve, 4-9 refrigeration system 3,11 manometer, 

13-14 flow meter, 15-16 test segment, 17 CO2 filter; (c) Front View Section of Experimental setup  

The system consisted of CO2 cylinder with pure carbon of 99.7 %, compressed Ammonia gas for refrigerant 

system which the gas firstly heats up by coil after compressing it by compressor, then the gas condenses and 

convert to from orange colour to blue dark colour as a fluid by evaporating pressure.  Expansion valve uses to 

pass the gas from high pressure to the low pressure by a small hole and reaches to the boiling degree.  Then the 

liquid transfer to the lite blue as gas again due to evaporation and the temperature of vaporized ammonia value up 

to – 27 F. The cycle will be repeated again inside the system by compressing it and heat up a gain. Based on the 

ethylene glycol as a coolant has high efficiency, low cost, reduce and control the temperature in bi-directions, 

high thermal capacity and not has a side effect on the environment, its proposed to be the coolant gas which is 

consider one of the most important part in the system. Other advantages of the coolant gas are not harmful for the 

system, which means keep the system against corrosion, Inactive chemical element, increases the system age, 

insulates the electricity in some times and not need to maintain it for long time.  

In order to control the flow in bi-direction, a valve type standard needle has used especially for high pressure that 

carries up to 200 bar and withstands temperatures from -10 to 200 0C. Also, the valve opens fully less than 31 / 2 

cycle.  In order to carry the high pressure and temperature, tools (springs, handle that used to prevent the gas 

leakage and fixed screws) in this work made for stainless steel. A heavy duty two pieces have utilized to make the 

stem adaptive and reliable. In addition, packing gland/body thread employed for vibrating resistance with weep 

hole double side to easily discover the system leakage. One of the important measurement systems used in this 

work is manometers type Bourdon (PG23HP) made in Germany that used for pressure measuring. The 

characteristics of manometer are measuring the high pressure up to 500 bar with accuracy of 1 %. Many 

procedures have been taken in consideration to protect the system and components from failure and leakage, one 

of these procedures is used from the front side the actuator. The reliability of instruments measurement has been 

taken in consideration to make sure that the instrument working well without leakage and compatible with the 

work environment. Therefore, the static and dynamic pressure measured in bi- direction flow. Also, mass flow 

rate type TSI of 5210-7 with accuracy 2 % utilized in this work that has a wide measuring range form 0-30 L/ min 

to measure the differential pressure between two points in one line.  

Many sensors have been built inside the system such as pressure and temperature sensors to get an accurate data. 

So, total and absolute pressure and temperature have measures in addition to measure the volume by totalizer 

measurement that depends on temperature and pressure tiggers. All data have been recorded by data logger and 

displayed four reading timely and directly for gas volume using touchable and colour screen, temperatures, 

pressures for supercritical CO2 system. On the other hand, FLO-Sight program has use after installing and setting 

it to operate the gas flowmeter by computer using couple. An analogy linear sensor type Lm35 used to measure 

the temperatures that set by each 1 0C equal to 10 mv.  Moreover, thermocouples type k with linear sensitivity of 

41 µV/°C also used that made from chromel–alumel to measure the temperature which reading from -200 to 1350 



Experimental investigation of heat transfer features for vertical tube using porous media and Carbon dioxide 

 

 

 
 

191 

 

°C for high temperature readings which depends on thermoelectric concept (variable resistances). In order to 

derive the control process, microcontroller device used in this work which is Arduino Uno that provide an input 

voltage from 0 to 5 V and store 0-1023 as a 10 bit. But due to some sensors depends on the changing in resistance 

on semiconductors, some difference in reading has been noticed. The filter housing that used in this paper made 

form carbon steel in order to filter the CO2. This filter can resist the pressure up to 100 bar. The wires have been 

covered in this work by the Nichrome heating element strips with length 10 m that composited from 20 % of 

Chromium and 80 % of Nickel to protect the wires during high temperatures and pressures from breaking or 

burning. The other advantage of the Nichrome heating element is to resist the oxidation by creating the chromium 

oxide layer at the first time of heating in addition to carries the power about 1500 W and current about 6.8 A.  

A Variac device used to provide adequate voltage which is an AC transformer 520T-10- 14 lbs. this device can 

provide output voltage from 0 to 130 V and output current of 10 A and consumes input voltage of 110 V with 

number of connection pins of 3 and output sockets of 3. In order to insulate the system thermally, a Cellulose has 

utilized which is considering a friend to the environment and high insulation performance. Cellulose is containing 

from paper fibres and produced form recycling about 75 % to 85%. The remained percentage (15%) is made for 

boric acid or ammonium sulphate as a fire retardant due to its doesn’t has oxygen and the all composition of 

Cellulose are compressed. Therefore, the type of material uses for fire resistance and decrease the fire damage. 

The test section has manufactured from pure copper with atomic number 29 about 99.5% in addition other 

characteristics such as high conductivity for electricity, high conductivity for thermal high, cheap and easy to 

configuration due its malleable and ductile. The uncovered surface colour of the cupper has a pinkish-orange 

colour. Finally, the pure copper was a successful material and widely uses in different applications like marine 

equipment, manufacturing devices, coins etc. therefore, its proposed in the experimental work to manufacture the 

test section. 

To calculate the local tube of inter surface temperature, the equation below has used. 

 𝑇𝑤𝑖 = 𝑇𝑤𝑜 + (
𝑞

16𝑘
) (𝑑𝑜 − 𝑑𝑖)2 + (

𝑞

8𝑘
𝑑𝑖

2 ) ln (
𝑑𝑜

𝑑𝑖
)                                                                                                    (1) 

Equation (2) has used to calculate the coefficient of local heat transfer. 

ℎ𝑥 =
𝑞

(𝑇𝑤𝑖−𝑇𝑓)(𝑥)
                                                                                                                                                       (2) 

While, Equation (2) has used at each axial location to calculate the Nusselt number. 

𝑁𝑢 =
ℎ𝑥𝑑

𝐾𝑓
                                                                                                                                                                    (3) 

In order to calculate the enthalpy of local bulk fluid, equation (4) has used and to calculate the temperature of 

local bulk fluid later. 

 ℎ𝑓𝑏 = ℎ𝑓𝑜 +
𝜋𝑞𝑑𝑥

𝑚∙                                                                                                                                                      (4) 

The mean heat transfer coefficient was calculated as: 

ℎ =
𝑞

𝑇𝑤𝑖−𝑇𝑓
                                                                                                                                                                   (5) 

Equation (6) uses to calculate the mean Nusselt number in the tubes  

𝑁𝑢 =
ℎ𝑑

𝐾𝑓
                                                                                                                                                                    (6) 

While, the temperature of all local wall has calculated based on calculating the heat transfer surface mean 

temperature as shown below. 

 𝑇𝑚 = ∑ (𝑇𝑤𝑖∆𝑥)/𝐿𝑛
𝑖=1                                                                                                                                                (7) 

Finally, to estimate the Reynolds number, equation below has used.  
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𝑅𝑒 =
4𝑚.

𝑑𝜇𝜋
                                                                                                                                                                   (8) 

RESULTS AND DISCUSSIONS 

This section presents and discuss the experimental work results in order to evaluate the system performance based 

on supercritical CO2 and porous media of 0.5 porosity and 10 mm for tube diameter in vertical position on the 

heat transfer characteristics. Figures 2 to 4 show the coefficient of heat transfer with measured temperature of wall 

for solid symbols and temperature of bulk fluid for hollow symbols.  Figure. 2 presents the inlet temperature effect 

on the coefficient of local heat transfer in addition to present the temperatures of bulk fluid and wall distribution. 

At pressure 9 MPa, the temperature of pseudo-critical was 38 oC for CO2. For the same pressure in addition to 

same heat flux, mass flow rate, one of the important notices that significant effect of inlet temperature on heat 

transfer. The reason behind that the variable thermophysical properties. When Tpc equal to 42 oC and lower than 

the inlet temperature, same behaviour (greater than Tpc) along the tube for temperatures of the wall. When the Tpc 

larger than the inlet temperature or around it, lower value about 4-fold was for the coefficient of heat transfer. 

  

Figure 2. Coefficients of heat transfer distribution with temperatures of wall and bulk fluid at different inlet 

temperature 

Heat flux effect on the coefficient of heat transfer and temperatures of wall and fluid bulk have presented in Figure. 

3 using porous media and supercritical CO2. When the heat flux (2600 W/m2) be low, the coefficients of heat 

transfer also being low and opposite. Another statement is that an increase in the coefficient of heat transfer leads 

to an increase in the temperature of the heat flux. The reason for that is using of the porous media with the 

acceleration in flow when the temperature of pseudo-critical closed to fluid bulk temperature and lower than the 

temperature of wall. All the previous results have been noticed when the range of the Reynolds numbers between 

2300 to 3300 and a little influence has been noticed for turbulence on the fluid flow acceleration at small size 

(0.5) for porosity. On the other hand, when the heat flux be highest at 29000 W/m2, the coefficient of heat transfer 

be less compared with the case of the lowest heat flux at 16000 W/m2. Where, it may be considering that the 

thermophysical properties was the main reason for the system behaviour in addition that the temperatures of wall 

and fluid bulk were much larger than Tpc with the heat flux of (29000 W/m2). 
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Figure 3. Coefficients of heat transfer distribution with temperatures of wall and bulk fluid at different heat 

fluxes 

Mass flow rate effect on the coefficient of heat transfer and temperatures of wall and fluid bulk have presented in 

Figure. 4 using porous media and supercritical CO2. It has been observed that the heat transfer always has not an 

intensity compared with the high mass flow rate because of the sound effect of the thermophysical properties on 

the convection heat transfer. 

  

Figure 4. Coefficients of heat transfer distribution with temperatures of wall and bulk fluid at different mass 

flow rates 

CONCLUSIONS 

This paper presents and discuss the experimental work to evaluate the system performance based on supercritical 

CO2 and porous media of 0.5 porosity and 10 mm for tube diameter in vertical position on the heat transfer 

characteristics. Many conclusions have been noticed based on the experimental results which are; firstly, when 

Tpc lower than the inlet temperature, the coefficient of heat transfer also be less along the tube compared with the 

case of Tpc greater than the inlet temperature. Secondly, many parameters have a sound effect on the coefficient 

of heat transfer which are; mass flow rate, heat flux and inlet temperature. Thirdly, increasing the heat flux leads 

to increase the coefficient of heat transfer because of fluid flow acceleration. Fourthly, if the temperature of wall 

higher than the Tpc, temperature of the inlet increasing with the coefficient of heat transfer decreasing. Also, when 

the temperature of fluid inlet bigger than the Tpc, the coefficient of heat transfer decrease. And, when the 

temperature of fluid inlet lower than the Tpc and near the temperature of fluid bulk nad increasing the heat flux on 

the wall, a highest value has recorded for the coefficient of heat transfer. In general, when the pressure being 
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closed to the critical pressure, the coefficient of heat transfer increase. The coefficient of heat transfer reaches to 

the maximum upward and downward flows along the porous media tube in addition to the heat flux and coefficient 

of heat transfer are changing nonlinearly due to thermophysical properties. Finally, an importance effect has been 

noticed for buoyancy on the coefficient of heat transfer in upward flow. 

NOMENCLATURE 

cp specific heat at constant pressure [J/(kg K)] u velocity (m/s) 

d diameter of tube (m) x axial coordinate (m) 

g acceleration gravitational (m/s2) e Porosity 

 

m∙ flow rate mass (kg/s) Greek symbols  

Gr Grashof number ρ density (kg/m3) 

h coefficient  of mean heat transfer (W/(m2  oC)) μ viscosity dynamic (kg/(m s)) 

hf,o,b bulk  and inlet fluid specific enthalpy (J/kg) Subscripts  

Nu Nusselt number b bulk 

p pressure (N/m2) f fluid 

Re Reynolds number 4 m∙/πdμ i inner surface 

T temperature (OC) m mean 

Tpc pseudo-critical temperature (OC)   
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