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ABSTRACT
     Two distinct steady state models have been programmed to 

calculate heat transfer and pressure loss from a saturated CO2 

vapor in a vertical U-tube to the surrounding grout and earth.  

The work began with calculations of the individual heat 

transfer coefficients from vapor, from the condensing vapor, 

and from the liquid to the tube, and then from the U-tube to 

the surrounding grout and earth.  According to computations 

for the tube to the earth reviewed in the ASHARE Handbook 

and relevant literature on the coefficients inside the tube, all 

reviewed in the paper, the internal heat transfer coefficient 

area products, hA, for CO2 condensing in a ¾ inch tube 

diameter are much higher than the ground heat transfer 

coefficient; the ground heat transfer coefficient limits the heat 

transfer in the U-tube.   

 

       A homogeneous model assumed that the vapor-liquid 

mixture in the tube is represented by a fluid whose properties 

and heat transfer coefficients are a weighted average between 

those of the vapor and the liquid present at the point.  The 

homogeneous model has been developed by the mass balance, 

momentum balance, energy balance, enthalpy property, 

equation of state, and phase equilibrium of liquid and vapor 

CO2. The equations of the model have been numerically 

calculated in Matlab by solver ODE4 (Runge-Kutta).  

 

       Measured values of heat transfer were closed to values 

calculated by the model.  Measurements of the pressure loss 

over the U-tube were significantly higher than those predicted 

by the model.  Based on the assumption that the pressure 

differences in the U-tube between the inlet and outlet are 

mainly due to the presence of liquid CO2 in the up and down 

legs, a new simplified model has been created and the 

simulation results have been compared with the experimental 

results.  Greater agreement between measured and predicted 

pressure losses was achieved.  This study is useful in 

understanding heat transfer and pressure loss of CO2 

condensing in a vertical U-tube transferring heat to the earth.  

 

KEYWORDS:  
CO2 Condensing, Homogeneous Model, Simplified Model, 

Measurements 

INTRODUCTION 
      Carbon Dioxide, CO2, is a non-flammable and non-toxic 

natural fluid. It has zero (0) Ozone Depleting Potential (ODP) 

and one (1) Global Warming Potential (GWP). These 

properties make CO2 a primary candidate for the next 

generation environmental refrigerant. The development of 

CO2 as the refrigerant is a hot topic and its application ranges 

from automobile air-conditioning, residential air conditioning 

to heat pumps [1]. In this paper, two distinct steady state 

models have been programmed to calculate heat transfer and 

pressure loss from a saturated CO2 vapor condensing in a 

vertical U-tube to the surrounding grout and earth. CO2 heat 

transfer coefficients are studies by numerous researchers in the 

world. S.M.Liao and T.S.Zhao (2002) [2] investigated heat 

transfer from supercritical carbon dioxide flowing in 

horizontal mini/micro circular tubes cooled at a constant 
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temperature. Six stainless steel circular tubes having inside-

diameters of 0.50 mm, 0.70 mm, 1.10 mm, 1.40 mm, 1.55 

mm, and 2.16 mm were tested. The heat transfer coefficient of 

CO2 under different testing conditions lies from 1,000 to 5,000 

W/m
2
-K. Chang Yong Park, et al (2009) [3] investigated the 

CO2 flow condensation heat transfer coefficients and pressure 

drop are investigated for 0.89 mm micro channels at 

horizontal flow conditions, and the heat transfer of CO2 

condensing at different conditions ranges from 2,000 W/m
2
-K 

to 10,000 W/m
2
-K. Those literature reviews show tremendous 

interests in academy regarding to horizontal CO2 condensing, 

but the CO2 condensing behavior in vertical U-tube has not 

been studied thoroughly. In this paper, the authors investigated 

the CO2 condensing properties in vertical U-tube in 

experiment and confirmed by the two distinct steady state 

models. This paper is helpful for researchers to understand 

CO2 vertical condensing behavior and predict it by using 

models. 

 

NOMENCLATURE 
      For homogenous model  
      P: pressure, Pa  

      T: temperature, 
o
K                         

      U: overall heat transfer coefficient from CO2 to    

           ground, W/m
2
-K 

      h: enthalpy, kJ/kg 

      u: velocity of stream in tube, m/s 

      z: fraction of vapor in CO2 stream 

      ρ: density, kg/m
3
       

      f: fanning friction factor 0.0045 

       

      For simplified model  
      Q: the heat transfer capacity of the bore hole,    

            BTU/hr 

      L: the borehole depth, (300ft, 91.44 m) 

      l:  the depth of penetration of the CO2 vapor flow    

          into the bore hole tube at a given vapor flow m, ft 

      (UπD): the “thermal conductivity” of the grout and   

           earth of the bore hole provided by ASHRAE   

           for various compositions.  The authors have  

           used 0.74 BTU/h-ft-F (1.28 W/m-K)  

           performance. Since this is an average value  

           and this simplified model only use one leg to  

           damp the heat, so the authors predicted the  

           value should be 1.48 BTU/h-ft-F (2.56 W/m- 

           K) in the long term operation.  

      ∆T: the temperature difference between the CO2 in  

             the bore hole and the earth surrounding it at a    

             distance, 16 
o
F. (69 

o
F-53 

o
F) 

      m: the mass flow of CO2 vapor to the well  

      ∆H: the heat of condensation of the CO2 vapor at its  

             temperature in the well, 65.4 BTU/lb 

      ∆P: the pressure drop over the well due to the static  

             pressure of the CO2 liquId, lbf/ft
2
  

      ρ: density of the CO2 liquid, 49.3 lb/ft
3
 

      g:  unit conversion factor for pressure equation, lbf/lb 

 

 
EXPERIMENTAL SETUP 
      An experiment is set up for this investigation, as shown in 

Figure 1. The depth of the stainless steel piping is 300 ft 

(91.44m) to the ground with the outer diameter ¾ inch 

(1.9cm). Two pressure gauges are installed in the inlet and 

outlet of the U-tube to measure the pressures and differential 

pressure, together with two thermal couples. A mass flow rate 

meter is installed in the inlet of the U-tube. This paper is 

dedicated for a CO2 model establishment and simulation, the 

detailed measurement data and uncertainty will not be 

discussed in this paper due to contract limitation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Experimental Setup 

 

STEADY STATE HEAT TRANSFER COEFFICIENT  
      In order to simplify the heat transfer model in CO2 

condensing from vapor CO2 to the ground in simulation, the 

heat transfer limiting point has been analyzed. In 2008 

ASHRAE Handbook [4], the soil properties are sited based on 

(Kavanaugh, Rafferty, 1997) [5], the soil/rock heat 

conductivities range from 0.3 -2.2 BTU/ h-ft-F, in this 

analysis, an average 1.4BTU/h-ft-F (2.42 W/m-K) is taken. 

From previous literature review, the internal heat transfer 

coefficient area products, hA, for CO2 condensing in a ¾ inch 

(1.9 cm) tube diameter ranges from 59.66 W/m-k to 596.6 

W/m-k, which are much higher than the ground heat transfer 

coefficient (2.42 W/m-K), thus the ground heat transfer 

coefficient limits the heat transfer in the U-tube. So the 

internal heat transfer coefficient for CO2 condensing in a U-

tube in ground is ignored in the models for simplification.  

 

MODEL ASSUMPTIONS 
1) The CO2 mixture is in its phase equilibrium all 

through the U-tube pipe; 

 

2) The ground temperature is at a constant temperature 

53ºF (11.7 ºC). 

 

 300 ft (91.44 m) 

Inner D=0.7inch (1.7 cm) 

  Tin   Tout 

    ΔP 

T ground 

Mass Flow 
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STEADY STATE HOMOGENEOUS MODEL  
      The flow and heat transfer can be determined by six 

variables in the model: Pressure (P), Temperature (T), Density 

(ρ), Enthalpy (h), Velocity (u) and Vapor fraction (Z). (Please 

refer to Nomenclature for details). So the authors need six 

equations to predict the condensing behavior. Take a 

homogeneous block dX*(πD
2
)/4, as shown in Figure 2 for 

analysis. The mass balance, momentum balance, energy 

balance, homogeneous enthalpy, equation of state and phase 

equilibrium can be applied to this homogeneous block as six 

governing equations. The equations are shown as below: 

 

Mass Balance 

 

 
�(�ρ)

�� =0: uρ=constant                        (1) 

 

 

Momentum Balance                                          

 

 
��
�� + �(ρ�∗�)

��  – ρg + 2fρu*u/d=0 (down flow)      (2) 

 

 
��
�� + �(ρ�∗�)

��  + ρg + 2fρu*u/d=0 (up flow)           (2) 

 

 

Energy Balance                                                   

 

 
�	
�� =uAρ 

�
��(h+u

2
/2+gx)                    (3) 

 

 
�	
�� =Uπd (T-Tground)                           (3) 

 

 

Enthalpy 

 

 

h = f1(P,T,ρ,z):                            (4) 

 

 

hv = hv,0 +Cpv(T-T0), z=1                   (4) 

 

 

hl = hl,0+Cpl(T-T0), z=0                     (4) 

 

 

h = zhv+(1-z)hl, 0<z<1                      (4) 

 

 

Equation of State  

 

f2(P,T,ρ,z)=0:                              (5) 

 

 

P/ρv ~=RT/MCO2 ,z=1                        (5) 

 

ρl~=constant, z=0                               (5) 

 

 

1/ρ=z/ρv+(1-z)/ρl, , 0<z<1                        (5) 

 

 

Phase Equilibrium (0<z<1)    

 

 

f3 (P,T)=0                                       (6) 

 

 

 

                        Flow area: A          inlet vapor flow  

              Diameter: d 

 

 

                                                                  dX (0<=X<=91.44m) 

 

             Depth: D                          

 

 

 

 

 

Figure 2 Homogenous Flow Model 

 

HOMOGENEOUS MODEL INITIAL CONDITIONS                                          
      The initial conditions are obtained from experimental 

setup. In the experiment, T0 = 68.98 
o
F =293.69 

o
K = 20.54 

o
C 

for the inlet temperature, with P0= 5802378 (Pascal) 

(saturation pressure at 20.54 
o
C), ρ0 = 198.54 (kg/m

3
) (vapor 

density at 20.54 
o
C), and h0 = 406.7 (kJ/kg) (vapor enthalpy at 

20.54 
o
C)The vapor CO2 velocity is u0 = 0.27 (m/s) and Vapor 

fraction is z0 = 1. The ground temperature is 

Tground=284
o
K=53

o
F=11

o
C.Uπd=2.42/2=1.21 W/m-K (only 

half the tube surrounding area is effective heat transfer area).  

FORMATTING EUQATIONS TO ORDINARY 
DIFFERENTIAL EQUATIONS 
      In order to program the six equations into Matlab, the 

equations have to be written into the ordinary differential 

equation format:  

 

Mass balance 

 

�(�ρ)
��  = 0  ⇒ uρ = constant = u0ρ0               (7) 

Assuming a 

homogenous mixture 

at all points 
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Momentum Balance                                          

 

 
��
�� + �(ρ�∗�)

��  – ρg + 2fρu*u/d=0 (down flow) 

 

 

⇒  
��
��  = – (1/u0ρ0) ��

�� + g/u – (2f /d)*u          (8) 

 

 

and define M= u0ρ0,   N=2f /d 

 

 

Energy Balance                                                   

 

 
�	
�� =uAρ 

�
��(h+u

2
/2+gx) 

 

 
�	
�� =Uπd (T-Tground) 

 

 

⇒ ��
�� = – u

��
��/1000 – g/1000  

            + (Uπd/uAρ)*Tground - (Uπd/uAρ)*T                          (9) 

 

 

and define J=Uπd/uAρ, 

S=g/1000- (Uπd/uAρ)*Tground 

 

 

Enthalpy 

 

 

h = f1(P,T,ρ,z): 

 

 

hv = hv,0 +Cpv(T-T0), z=1; 

 

 

hl = hl,0+Cpl(T-T0), z=0; 

 

 

h = zhv+(1-z)hl, 0<z<1 

 

 

⇒   
��
�� =



�∗����� * 

��
�� – 

�∗���
�∗�����*

��
��             (10) 

 

 

and define A= hv,0 – CpvT0  + CplT0-hl,0 

B= Cpv – Cpl 

 

 

Equation of State  

 

 

f2(P,T,ρ,z)=0: 

 

 

P/ρv ~=RT/MCO2 ,z=1; 

 

��
�� = 

��∗�∗��
�� ��∗�∗��

�� – ��
���∗(����)�(�∗�∗���)∗(�∗��

�� –��
��)

(����)^  (11) 

 

 

define C = F/M,     D= F*E, 

E= 104.6506 ((Pa*m
3
)/(K*kg)),  

F= ρl = 793.8 (kg/m
3
) 

 

 

 

Phase Equilibrium (0<z<1)    

 

 

f3 (P,T)=0 

 

 

Phase equilibrium is obtained from 2009 ASHARE 

Fundamental [6], by applying a regression analysis for 

pressure and temperature, with R
2
=0.998 as shown in Figure 

3. Pressure in Pa and Temperature in 
o
K 

 

 
 

Figure 3 Regressions for Pressure and Temperature in Phase 
Equilibrium 

 
 

So  
��
�� = 1208*T*

��
��+ 55874*

��
��             (12) 

 

 

 

To sum up, the six governing equations are:  

 

 

 

uρ = constant = u0ρ0                      (7) 

 

 
��
��  =  – (1/u0ρ0)  ��

�� + g/u – (2f /d)*u (down flow)(8) 

 

 

 

y = 604.27x2 + 55874x + 735620

R² = 0.998
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��
�� = – u

��
��/1000 – g/1000 + (Uπd/uAρ)*Tground 

-(Uπd/uAρ)*T                                          (9) 

 

 
��
�� =  



�∗����� * 

��
�� – 

�∗���
�∗�����*

��
��              (10) 

 

 

��
�� = 

��∗�∗��
�� ��∗�∗��

�� – ��
���∗(����)�(�∗�∗���)∗(�∗��

�� –��
��)

(����)^  

(11) 

 

 
��
�� = 1208*T*

��
��+ 55874*

��
��              (12) 

 

 

      Those six equations are programmed in Matlab and solved 

by solver ODE4 (Runge-Kutta). The results and discussions 

are presented in the following paragraph. 

 
HOMOGENEOUS MODEL SIMULATION RESULTS 
FOR FULLY CONDENSING 
      The Vapor fraction (Z) distribution, Temperature (T) 

distribution, homogeneous enthalpy distribution (h) and 

pressure distribution (P) are presented in the following 

Figures: 

 

 Figure 4 Vapor fraction distributions (down and up legs) 

 

Figure 5 Temperature distributions (down and up legs) 

  

 

Figure 6 Enthalpy distributions (down and up legs) 

 

Figure 7 Pressure distributions (down and up legs) 

      This set of simulation shows the CO2 condensing 

properties in vertical U-tube down and up legs by assuming a 

fully condensing from inlet to the outlet of the U-tube in the 

ground. Vapor fraction drops from saturated vapor (Z=1) to 

saturated liquid (Z=0). Assuming a phase equilibrium 

condition for this steady state flow, the temperature increases 

in the down leg due to static pressure increases as indicated in 

Figure3, 5 and 7.  So that’s the reason in Figure 5 and 7, there 

is a peak at the bottom of the U-tube. At this point, the static 

pressure reaches its highest point and so does the temperature, 

assuming the CO2 mixture is in phase equilibrium all along the 

tube. 

 

      The temperature measurements for inlet and outlet are 

68.98 F (20.54 
o
C=293.69 

o
K) and 62.5 

o
F (16.9 

o
C = 289.9 

o
K). In simulation, the outlet temperature is 293 

o
K, this 3.1 

o
K 

temperature difference from simulation to measurement can be 

explained that in the measurement, the CO2 temperature in the 

up leg is sub cooled by the ground, but in simulation, the 

authors only assume the fully condensing situation.  

 

      At the same time, the pressure measurement for inlet and 

outlet is 842.74 psia and 786.1 psia. In simulation, the outlet 

pressure is 805 psia. The pressure drop in the simulation is 35 

0
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psia compared to the measurement 56.64 psia. A lower value 

in simulation can be explained that the static pressure 

increasing in the down leg in homogeneous flow does not 

reflect the reality. In fact, the condensing liquid forms a thin 

film in an annular flow around the inner U-tube, thus the 

pressure increasing in the down leg would be less than 

homogeneous flow model prediction. So the pressure drop in 

reality should be higher than that predict in homogenous 

model.  

 

STEADY STATE SIMPLIFIED MODEL  
      Based on the assumption that the pressure differences in 

the U-tube between the inlet to outlet are mainly due to the 

presence of liquid CO2 in the up and down legs, a new 

simplified model has been created and the simulation results 

have been compared with the experimental results.  

 

 

SIMPLIFIED MODEL SET UP 
      The simplified model is shown in Figure 8 to analyze the 

pressure drop and heat transfer in the U-tube. 

 
Figure 8 Simplified Model 

 

 

 

Pressure Drop due to presence of liquid CO2 in the up and 

down legs 

 

∆P = ρ g l                                 (13) 

 

Heat transfer in the down legs 

  

Q = l (UπD) ∆T = m ∆H                   (14) 

 

Please refer to nomenclature for detailed symbol 

representations.  

 

      This model gives the authors opportunity to do a reverse 

calculation based on known experimental data. The pressure 

difference from inlet to outlet is 56 psi, which determines l, 

the depth of penetration of the CO2 vapor flow into the bore 

hole tube at a given vapor flow. Based on ∆P = 56 psi, the l 

equals 172.26 ft (52.5 m) from equation 13. 

 

      In the experiment, one also knows the mass flow rate is 

0.925 kg/min. ∆H is the heat of condensation of the CO2 vapor 

at its temperature in the well, 65.4 BTU/lb. ∆T is the 

temperature difference between the CO2 in the bore hole and 

the earth surrounding it at a distance, 16 
o
F. (69 

o
F-53 

o
F). So 

the heat transfer coefficient (UπD) can be determined from 

equation 14. (UπD) is 2.89 BTU/h-ft-F. It is larger than the 

ASHRAE values, homogenous model UπD=1.4 BTU/h-ft-F. 

This is presumably because the well is in the early stage of 

operation before the surrounding earth temperatures reach 

“steady state” values. Based on Carslaw and Jaeger [7], the 

heat conductivity in solid in the long term operation will be 

half the heat conductivity in solid in the short term operation. 

The 1.4 BTU/h-ft-F picked from ASHRAE Handbook is 

correct, and the simplified model matches the measurements.   

 

 

CONCLUSION  
       In the paper, two distinct steady state models have been 

programmed to calculate heat transfer and pressure loss from a 

saturated CO2 vapor in a vertical U-tube to the surrounding 

grout and earth. Both models assume the ground heat transfer 

coefficient is the heat transfer limiting point and ignore the 

CO2 internal heat transfer coefficient for simplification. 

 

      The homogeneous model has been developed by the mass 

balance, momentum balance, energy balance, enthalpy 

property, equation of state, and phase equilibrium of liquid and 

vapor CO2.  The equations of the model have been 

numerically calculated in Matlab by solver ODE4 (Runge-

Kutta). The pressure predicting in homogeneous model has big 

error compared with measurements. In fact, the condensing 

liquid forms a thin film in an annular flow around the inner U-

tube. This two phase flow rather than homogenous flow 

indicates the pressure increasing in the U-tube down leg would 

be less as predicted in the homogenous flow.   

 

      A simplified model is also presented to analyze the mass 

flow rate and pressure drop in the U-tube by assuming the 

pressure loss in the system mainly due to the presence of 

liquid CO2 in the up and down legs.  Greater agreement 

between measured and predicted pressure losses was achieved.   

 

      This study is dedicated to CO2 condensing model 

establishment and simulation. It is useful in understanding the 

heat transfer and pressure loss of CO2 condensing in a vertical 

U-tube transferring heat to the earth. 
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ANNEX A 

THERMOPHYSICAL PROPERTIES OF CARBON DIOXIDE REFRIGERANT [6] 

 

 

 


