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 
Abstract—Solar thermal power plants using parabolic trough 

collectors (PTC) are currently a powerful technology for generating 
electricity. Most of these solar power plants use thermal oils as heat 
transfer fluid. The latter is heated in the solar field and transfers the 
heat absorbed in an oil-water heat exchanger for the production of 
steam driving the turbines of the power plant. Currently, we are 
seeking to develop PTCs with direct steam generation (DSG). This 
process consists of circulating water under pressure in the receiver 
tube to generate steam directly into the solar loop. This makes it 
possible to reduce the investment and maintenance costs of the PTCs 
(the oil-water exchangers are removed) and to avoid the 
environmental risks associated with the use of thermal oils. The 
pressure drops in these systems are an important parameter to ensure 
their proper operation. The determination of these losses is complex 
because of the presence of the two phases, and most often we limit 
ourselves to describing them by models using empirical correlations. 
A comparison of these models with experimental data was 
performed. Our calculations focused on the evolution of the pressure 
of the liquid-vapor mixture along the receiver tube of a PTC-DSG for 
pressure values and inlet flow rates ranging respectively from 3 to 10 
MPa, and from 0.4 to 0.6 kg/s. The comparison of the numerical 
results with experience allows us to demonstrate the validity of some 
models according to the pressures and the flow rates of entry in the 
PTC-DSG receiver tube. The analysis of these two parameters’ 
effects on the evolution of the pressure along the receiving tub, shows 
that the increase of the inlet pressure and the decrease of the flow rate 
lead to minimal pressure losses. 
 

Keywords—Direct steam generation, parabolic trough collectors, 
pressure drop. 

I. INTRODUCTION 

 IQUID-VAPOR flows are present in many industrial 
applications. In the solar field, we find these flows in the 

new generations of solar PTCs with DSG. By convective 
exchanges between the water and the receiver tube, the two-
phase liquid-vapor flow has several configurations along the 
tube. Control of this process is complex and remains a hot 
topic for proper PTC design. In the present work, we are 
interested in a numerical study of the pressure losses of a 
liquid-vapor flow in the absorber tube. First, we present the 
models describing these pressure drops. These are the 
approaches developed by [1]-[5]. Then, a comparison of these 
models with experimental data obtained on the Direct Solar 
Steam (DISS) Test facility installation located at the solar 
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platform of Almería, Spain is carried out. In order to ensure a 
good control of the operating conditions at the entrance of the 
PTC receiver tube, the effect of the inlet flow and pressure is 
analyzed on the evolution of the pressure along the receiver 
tube.  

II.  PRESSURE DROPS MODELS  

The total two-phase pressure drop ሺ∆P୲୮ሻ in a boiling 
system consists of three components: the acceleration pressure 
drop ሺ∆Pୟୡୡሻ, gravitational pressure drop ሺ∆P୥୰ୟ୴ሻ and 
frictional pressure drop ሺ∆P୤୰ሻ. The total pressure drop is then 
given by: 

 
∆P୲୮ ൌ ∆P୥୰ୟ୴ ൅ ∆Pୟୡୡ ൅ ∆P୤୰     (1) 

 
The gravitational pressure drop is null in a horizontal flow. 

So: 
 

∆P୲୮ ൌ ∆Pୟୡୡ ൅ ∆P୤୰        (2) 
 
The pressure drop due to the acceleration of the fluid is 

estimated from the model of the separate flows as presented in 
[6]. It is expressed as follows: 

 

∆𝑃௔௖௖ ൌ 𝐺ଶ ቊ൤
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൨
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where ρ୪ and ρ୥ are respectively the density of liquid and gas, 
G is the total mass velocity and 𝑥 is the quality of the vapor. 

The void fraction 𝜀 is evaluated by semi-empirical 
correlations. Several works [7]-[10] recommend the use of the 
Steiner correlation [11] which is expressed by: 
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(4) 
 
with σ is the surface tension and g is the gravity acceleration. 

The pressure drop due to the friction at the wall is the most 
important. It is predicted by empirical approaches, the most 
cited being those developed by [1]-[5] which are presented in 
Table I. 

III. COMPARISON OF MODELS 

To evaluate the pressure drops, we adopt the steam quality 
distributions obtained numerically by [12] (Fig. 1). The 
geometry and operating conditions are given in Table II.  
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TABLE I 
MODELS OF PRESSURE DROPS DUE TO FRICTION 

Authors Models Detailed 

Lockhart and 
Martinelli 

[1] 

∆𝑃௙௥௢௧௧ ൌ 𝛷ଶ∆𝑃௠௢௡௢௣௛ ൌ 𝛷௟
ଶ∆𝑃௟ ൌ 𝛷௚

ଶ∆𝑃௚     (5) 
 

𝛷௟
ଶ ൌ 1 ൅

஼

௑
൅

ଵ

௑మ                                                (6) 

 
𝛷௚

ଶ ൌ 1 ൅ 𝐶𝑋 ൅ 𝑋ଶ                                            (7) 
 

∆𝑃௟ ൌ 4 𝑓௟ ቀ
௅

஽
ቁ 𝐺ଶሺ1 െ 𝑥ሻଶ ቀ

ଵ

ଶఘ೗
ቁ                       (8) 

 

∆𝑃௚ ൌ 4 𝑓௚ ቀ
௅

஽
ቁ 𝐺ଶ𝑥ଶ ൬

ଵ

ଶఘ೒
൰                                (9) 

𝑋 ൌ ට
ሺௗ௉ ௗ௭⁄ ሻ೗

ሺௗ௉ ௗ௭⁄ ሻೡ
ൌ ቀ

ଵି௫

௫
ቁ

଴.ଽ
ቀ

ఘೡ

ఘ೗
ቁ

଴.ହ
ቀ

ఓ೗

ఓೡ
ቁ

଴.ଵ
                    (10) 

C=20 
 
The friction factors of liquid 𝑓௟ and vapor 𝑓௚ are calculated using the 
Blasius formula: 
 

𝑓௟ ൌ
଴.଴଻ଽ

ோ௘೗
బ.మఱ  with 𝑅𝑒௟ ൌ

ீሺଵି௫ሻ஽

ఓ೗
                                    (11) 

 

𝑓௚ ൌ
଴.଴଻ଽ

ோ௘೒
బ.మఱ with 𝑅𝑒௚ ൌ

ீ௫஽

ఓ೒
                                          (12) 

Grönnerud [2] ∆𝑃௙௥௢௧௧ ൌ 𝛷௚ௗ∆𝑃௟௢                                           (13) 
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Pressure losses due to friction for liquid alone (∆𝑃௟௢) and 
vapor alone (∆𝑃௚௢) are calculated according to the Darcy-
Weisbach relation as follows: 
 

∆𝑃௟௢ ൌ 4 𝑓௟௢ ቀ
௅

஽
ቁ 𝐺ଶ ቀ

ଵ
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௅

஽
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ଵ
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The pressure gradient defined by Grönnerud: 
 

ቀ
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The coefficient 𝑓௚ௗ depends on Froude number: 
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The friction factors of liquid alone (𝑓௟௢) and vapor alone (𝑓௚௢) are 
calculated using the Blasius relation: 

 

𝑓௟௢ ൌ
଴.଴଻ଽ

ோ௘೗೚
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ఓ೗
                                         (20) 

 

𝑓௚௢ ൌ
଴.଴଻ଽ

ோ௘೒೚
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ீ஽
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Chisholm [3] ∆𝑃௙௥௢௧௧ ൌ 𝛷௖௛

ଶ ∆𝑃௟௢                                           (22) 
 

𝛷௖௛
ଶ ൌ 1 ൅ ሺ𝑌ଶ െ 1ሻ ቂ൫𝐵௖௛𝑥ሺ1 െ 𝑥ሻ൯

ሺଶି௡ሻ ଶ⁄
൅ 𝑥ଶି௡ቃ (23) 

 
𝑛 is the exponent of the expression of the friction factor of 
Blasius (n = 0,25). The 𝑌ଶ parameter is expressed as follows: 

 

𝑌ଶ ൌ
ቀ

೏ು
೏೥

ቁ
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                                                      (24) 

 
 

∆𝑃௟௢ is evaluated by (15) and (20). 

For 𝑌 ൑ 9.5 

𝐵௖௛ ൌ
ହହ

ீభ మ⁄ 𝑓𝑜𝑟 𝐺 ൒ 1900 𝑘𝑔 𝑚ଶ𝑠⁄                           (25) 

 

𝐵௖௛ ൌ
ଶସ଴଴

ீ
 𝑝𝑜𝑢𝑟  500 ൏ 𝐺 ൏ 1900 𝑘𝑔 𝑚ଶ𝑠⁄             (26) 

 
𝐵௖௛ ൌ 4.8        𝑓𝑜𝑟 𝐺 ൑ 500 𝑘𝑔 𝑚ଶ𝑠⁄                          (27) 

 
For 9.5 ൏ Y ൏ 28 

𝐵௖௛ ൌ
ହଶ଴

௒ீభ మ⁄   𝑓𝑜𝑟 𝐺 ൑ 600 𝑘𝑔 𝑚ଶ𝑠⁄                            (28) 
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௒
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For 𝑌 ൒ 28 

𝐵௖௛ ൌ
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Friedel [4] ∆𝑃௙௥௢௧௧ ൌ 𝛷௙௥
ଶ ∆𝑃௟௢                                           (31) 
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∆𝑃௟௢ is evaluated by (15) and (20). 

The number of homogeneous Froude (ሺFr୦ሻ), the number of Weber 
(𝑊𝑒), the coefficients 𝐸, 𝐹 and 𝐻 are the following: 
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Authors Models Detailed 

Müller-Steinhagen 
and Heck [5] 

ቀ
ௗ௉

ௗ௭
ቁ

௙௥௢௧௧
ൌ 𝐹௠௦௛ ሺ1 െ 𝑥ሻଵ ଷ⁄ ൅ 𝐵௠௦௛𝑥ଷ         (39) 

 
𝐹௠௦௛ ൌ 𝐴௠௦௛ ൅ 2 ሺ𝐵௠௦௛ െ 𝐴௠௦௛ሻ𝑥                 (40) 
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ௗ௉

ௗ௭
ቁ

௟௢
ൌ 𝑓௟௢

ଶ ீమ

஽ఘ೗
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𝐵௠௦௛ ൌ ቀ
ௗ௉

ௗ௭
ቁ

௚௢
ൌ 𝑓௚௢

ଶ ீమ

஽ఘ೒
                                           (42) 

 

(a) Case 1  
 

 

(b) Case 2 
 

 

(c) Case 3 

Fig. 1 Distributions of the steam quality obtained by David et al. [12] 
 

Fig. 2 illustrates the evolution of the pressure of the liquid-
vapor mixture along the receiver tube of a CCP-PDV, as a 
function of the steam quality, for the various models described 
above. 

TABLE II 
GEOMETRIC AND OPTICAL PROPERTIES AND THE CCP OPERATING 

CONDITIONS STUDIED 

  Parameters values 

Geometric 
properties 

Absorber pipe internal diameter (𝑚) 0.05 

Absorber pipe external diameter (𝑚) 0.07 

Aperture (𝑚) 5.76 

Optical 
properties 

 

Reflected surface reflectivity 0.93 

Glass cover transmittance 0.95 

Receiver absorptance 0.906 

Shape facteur 0.92 

Inclination angle 0.0 

Modifed incident angle  1.0 

Operating 
conditions 

 Case1 Case2 Case3

Inlet pressure  (𝑀𝑃𝑎) 10.20 6.23 3.38 

Inlet temperature (°𝐶) 245 235 196 

Inlet flow rate (𝑘𝑔/𝑠) 0.62 0.50 0.47 

Direct Solar flux (𝑤/𝑚ଶሻ 967 850 807 

 
The different models represent the same usual trend, which 

results in a decrease of the pressure when the length of the 
pipe increases and consequently when the quality increases. 
The maximum difference between these models is 0.3%, 0.6% 
and 3.1% respectively for cases 1, 2 and 3. The comparison of 
these models with experimental data [12] shows that the 
Friedel model [4] is the closest to the experiment for cases 1 
and 2 (inlet pressure and flow rate of 10.20𝑀𝑃𝑎 and 
0.62 𝐾𝑔/𝑠 ; 6.23 𝑀𝑃𝑎 and 0.50 𝐾𝑔/𝑠) while the Chisholm 
model [3] gives the best prediction of the pressure drop for the 
third case (pressure and inlet flow of 3.38𝑀𝑃𝑎 and 0.47 𝑘𝑔/
𝑠). 

 

 

(a) 
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(b) 
 

 

(c) 

Fig.2 The evolution of the pressure as a function of the steam quality 
for different models for the three cases studied 

 
According to our study, the Friedel model [4] is the most 

suitable for the prediction of friction losses for most of the 
studied operating conditions, which is also recommended by 
other studies [13]–[15]. 

IV. ANALYSIS OF PRESSURE EVOLUTION  

According to the comparison of the pressure drop models, 
the Friedel model is adopted, in order to analyze the effects of 
the inlet pressure and flow rate on the pressure evolution along 
the PTC-DSG receiving tube. 

A. Input Flow Rate Effect  

In order to take the effect of the input mass flow rate on the 
pressure evolution in the CCP-PDV receiver tube, we vary the 
mass flow (0.4, 0.5, 0.6𝑘𝑔/𝑠) with an inlet pressure of 
6.19𝑀𝑃𝑎. 

Fig. 3 illustrates the pressure evolution in the PTC-DSG 
receiver tube as a function of steam quality for different input 
flow rate. We notice that for the low quality, the input mass 
flow does not have a great effect. However, this effect 
becomes important when the quality increases. The increase in 
inlet flow rate increases the pressure drops, and consequently, 
the pressure decreases. 

 

 

Fig. 3 Effect of input mass flow on the evolution of the pressure in 
the PTC-DSG receiver tube 

B. Effect of Inlet Pressure  

In order to analyze also the effect of the inlet pressure on 
the evolution of the pressure along the PTC-DSG receiver 
tube, the inlet pressure is varied from 3MPa to 10MPa for a 
flow rate of 0.6kg/s. The pressure losses in the PTC-DSG 
receiver tube as a function of steam quality for the different 
inlet pressure values are plotted in Fig. 4 (b). The pressure 
drops increase by increasing the steam quality. This increase 
becomes important when the inlet pressure decreases. So the 
increase in the inlet pressure ensures minimal pressure drops. 

 

 

(a) 
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(b) 

Fig. 4 Effect of inlet pressure on the evolution of pressure (a) and 
pressure drop (b) in the PTC-DSG receiver tube 

V. CONCLUSION  

In this work, different models describing the pressure drops 
in a liquid-vapor flow are presented. The calculations concern 
the evolution of the pressure of the liquid-vapor mixture along 
the receiver tube of a PTC-DSG. The pressure decreases by 
increasing the steam quality for all models with a small gap 
between them. Comparison of these models with the 
experimental data shows that the Friedel model [4] is closest 
to the experiment for high inlet pressures and flow rates 
whereas the Chisholm model [3] gives the best prediction of 
the pressure drop for a low inlet pressure and flow rate. The 
analysis of the effects of inlet pressure and flow rate on the 
evolution of the pressure along the PTC-DSG receiving tube 
shows that the increase of the inlet pressure and the decrease 
of the inlet flow rate ensure losses minimum charge. 
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