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Abstract 
Condensing two-phase flow heat and mass transfer performances inside horizontal round tubes was 

analyzed and calculated for Earth-normal gravity and microgravity conditions. On the basis of recent models and 
experimental databanks, an analysis for condensing two-phase flow regimes, pressure gradients and local heat 
transfer coefficients using ammonia, propylene and R134a condensation phenomena was carried out. It was 
found that the length of condensation in microgravity at certain conditions can be larger than the length of 
condensation for 1-g horizontal tubes by several (even tens) times while the pressure drops in the condenser for 
micro- and normal gravity surroundings do not differ significantly. Such results can be explain important 
differences in two-phase flow regime patterns maps for both cases. 
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INTRODUCTION 

Two-phase systems of the thermal control today are most appealing and promising technologies 
for space applications. Relatively small autonomous two-phase heat transfer devices such as Heat 
Pipes (including ordinary grooved or wicked heat pipes, Loop Heat Pipes (LHP) and Capillary 
Pumped Loops (CPL)), have been successfully adopted for thermal control of different size satellites 
[1, 2, 3]. In nearest future projects of “global” mechanically pumped two-phase thermal control 
systems for spacecrafts and segments of international space station will be realized [4, 5, 6]. 
Advantages of the two phase systems over single phase ones are very well known: an outstanding 
reduction in mass, size, energy consumption and better capability for the temperature management due 
to high isothermal operation of the system. Disadvantages are the complexity as well as a lack of the 
theoretical and experimental knowledge, which all result in the reduced reliability.  Large efforts by 
research and scientific institutions are directed now to overcome mentioned imperfections and to 
develop a new high-level trustworthy space thermal control scheme.  
 
The condenser is one of the critical elements of the thermal control two-phase system. Sometimes 
researchers are concentrating on the evaporator behavior and underestimate the role of the condenser. 
Especially, it is related to compact and relatively simple two-phase devices, LHP and CPL.  The 
LHP/CPL condenser usually is part (continuation) of the vapor line or an array of embedded pipes and 
consists of aluminum or stainless steel cylindrical tubes. It is often suggested the heat transfer is 
limited by ambient conditions (outside heat transfer coefficient) and pressure drop is calculated with 
help of simplified models of two phase flow [7] (for quick analyses engineers even consider this drop 
as the pressure difference of vapor flow in pipe with same length as condenser) without taking into 
account a complex nature of the condensation phenomenon and the multipart spectrum of vapor-liquid 
flow regimes. Moreover, usually the device is placed horizontally during earth tests to eliminate 
gravitational influence but in this case the presence of the stratified flow regime in the condenser is 
possible [8]. This regime exists only if gravity force is applied. Thus, we can have the gravity 
controlled two-phase flow and the heat transfer in the condenser even for a horizontal placement. 



 

D. Mishkinis et.al. 37 

 
The first attempt to analytically compare condensation inside tubes under earth gravity and space 
environments was made by Keshock and Sadeghipour in 1981 [9]. The analogous calculation 
algorithm is realized in present work. Keshock and Sadeghipour conducted calculations for 
refrigerants R12 and R22. According with the chosen methods a much longer length of tubing (~3 
times) is required for complete condensation under zero-gravity conditions. But the authors did not 
take into account two-phase flow regime alterations along the condensation length. Annular for the 0-g 
case and stratified for 1-g regimes were only considered. The chosen models for the heat transfer 
coefficient and pressure drop determination are not optimal. A large sum of theoretical and 
experimental information about two phase flows on earth and especially in the space conditions were 
collected since 1981. It allows to model condensation processes with better approaches. Finally, today 
ammonia is the primary working thermal agent for space applications. Propylene, butane and R134a 
can be considered as alternative fluids [10]. So, computation and analysis of condensation of the above 
mentioned liquids for 0 and 1-g conditions have a great practical interest.  
 
It is possible by applying an energy balance on an element of condenser tube to write the equation for 
the distance ∆z where condensation of vapor amount Gtot∆x takes place: 
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Void fraction variation in the element is neglected. During condensation, the vapor quality x (and void 
fraction α) varies from 1 to 0. We can divide an unknown condensation length of the pipe by elements 
∆z (defined by Eq. (1)) with equal change of the vapor quality ∆x. Temperature difference between 
saturated vapor and wall (Tv–Tw), and total mass flow velocity Gtot, are given data. But to determine 
the local heat transfer coefficient hz, and the void fraction α information about the two-phase flow 
regime pattern is required. This information also allows to calculate the two-phase flow pressure drop 
over ∆z and the total condensation length. The knowledge of the pressure difference is rather 
important for analytical determination of LHP/CPL heat transfer parameters. 
 Therefore to analytically investigate the tubeside condensation for micro- and earth-gravity 
conditions the appropriate methods for: 

• Two phase flow regime 
• Two phase flow pressure drop 
• Local heat transfer coefficient 

determination have to be chosen and substantiated. 
 
 
TWO PHASE FLOW REGIME PATTERN: EARTH NORMAL GRAVITY CASE 
 Detailed two-phase flow regime map analysis related to the condensation phenomenon in 
horizontal smooth round tubes was made by Dobson and Chato [11]. In this fundamental research 
three maps (Mandhane et al. [12], Taitel and Dukler [13] and Soliman [14, 15]) were compared with 
refrigerants R12, R22 and R134a experimental results. All three maps, with certain modification (for 
Mandhane et al. model), some terminology elaboration (for Taitel-Dukler model) and correct 
definitions of regimes (for Soliman model), can be used as good flow regime predictors.  
 
The two-phase flow map for a horizontal tube condensation includes eight regimes: annular-mist, 
annular, wavy-annular, wavy-stratified, smooth stratified, slug, plug, and bubbly. The overall picture 
is very complex, but fortunately it is not required for applied calculations to know all transition lines 
and criteria between different regimes. Group of regimes can be described by both one model for 
pressure drop and for heat transfer coefficient. The flow character is determined by relation between 
gravity and shear stresses (wall-liquid or/and vapor; vapor-liquid interactions) and by ratio between 
liquid and vapor velocities. 
 
The Taitel-Dukler model today is the most theoretically justified and recommended by Heat 
Exchanger Design Handbook [16] as a reliable one for adiabatic flow regimes characterization. The 
relevance of this model to condensing flow demonstrate very good correspondence to the majority of 



 

D. Mishkinis et.al. 38 

experimental data for freons  [11, 17]. Unfortunately, no research has been published dedicated to 
ammonia tubeside condensation and only one paper [18] studying adiabatic ammonia two-phase flow 
pattern was investigated was found in the literature. We will consider four areas on the Taitel-Dukler 
map where both heat and hydraulic performance of two-phase condensing flow can be described by 
some continued function without jumps: annular (annular-mist and annular regimes), wavy-stratified, 
smooth-stratified and intermittent-bubble (slug, plug, bubble). The wavy-annular flow can be both in 
the wavy-stratified region at low overall mass velocities and in the intermittent region at the high 
velocities. Detail analysis of the wavy-annular terminology problem can be found in [11].  
 
Chen et al. [18] successfully used the Taitel-Dukler map for the prediction of transition between 
annular and wavy-stratified, intermittent-bubble areas for adiabatic ammonia two-phase flow. The 
suggested simplified annular/wavy-stratified transition border as a function of Lockhart-Martinelli 
parameter X is used in present paper: 

 ( )td
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where the modified Taitel-Dukler criterion Frtd  [19] depends on the Bond number and vapor Froude 
number which is related to the superficial vapor velocity: 
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This criterion is different from the one originally suggested by Taitel and Dukler and takes into 
account surface tension forces. The surface tension is very important for flow in small diameter tubes 
(>3 mm). The original Taitel-Dukler map is used to predict intermittent to annular transition for small 
tubes case [20].  
 
The border between annular and intermittent-bubbly areas is X=1.25. It is the average value suggested 
by Breber et al. [17] with transitional area limited by lines X=1,and X=1.5. The regions of wavy-
stratified and smooth-stratified flows are divided by the criterion [13]: 
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Finally, it should be mentioned, although widely found in textbooks, the flow pattern map of Baker 
[21] has a historical value as a first map but it is a poor predictor for regimes of condensing [22] and 
adiabatic [16] two-phase flows.  
 
 
TWO PHASE FLOW REGIME PATTERN: MICRO GRAVITY CASE 
 The absence of gravity leads to simplifying the overall two-phase flow map. Only three main 
regimes were observed by researchers: bubble, slug, and annular. However, more detailed flow 
classification can be find in literature [23]: dispersed bubble, bubble, slug, slug-annular transitional, 
and annular. To complete the picture we can divide annular flow into three regions: smooth-annular, 
wavy-annular and mist. Reinarts et. al. [24] called smooth- and wavy-annular regimes as “small tube” 
and “large tubes” flow behavior. The research of condensing flow regimes for water was intensively 
conducted in Texas A&M University [25]. It was found one ammonia condensing flow investigation 
work, which was carried out under the guidance of the European Space Agency [6]. Unfortunately, the 
description of ammonia condensation flow patterns and condensation length took only one paragraph 
in the paper and it is rather difficult to make any conclusions based on the given information. A lot of 
adiabatic flow experiments were made in microgravity conditions in last two decades. The most 
popular media was an air-water mixture [26,27,28,29]. Different additives to water were used to vary 
liquid viscosity and surface tension [30,31]. The experiments with single-component, adiabatic, two-
phase flow in microgravity were conducted for freons R12 [32], R114 [33] and ammonia [24]. The 
ratio of vapor and liquid densities have an influence on the flow behavior, that is why the data for 
single components have a priority meaning for our investigation. As it was mentioned by Reinarts and 
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Ungar [34] the experimental database for R12 is the most extensive and gives a substantive definition 
of slug to annular transition.  
 
For proposes of the present work, only two transition criteria are important: slug-annular/smooth-
annular and smooth-annular/wavy-annular. Because in this area a pressure drop can be distinguished 
several times, and different analytical models are required. Moreover, bubble, slug and slug-annular 
regimes (last pattern includes in itself frothy slug-annular regime reported by Zhao and Rezkallah 
[26]) usually took relatively small parts of total condensation length and all can be well described by 
homogeneous pressure drop models. 
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Fig.1 Slug-annular microgravity transition models and R12 databank (ID=10.5 mm) 

 
After the analysis of several microgravity two-phase flow-pattern maps the Weber Number based map 
of Rezkallah [35] was chosen as the most experimentally justified one. Rezkallah demonstrated, what 
practically all knew (before 1996), air-water mixture flow data have border between transition slug-
annular and annular regimes at Weg~20. But gas Weber numbers have to be calculated for actual gas 
velocity. Superficial velocities of gas (vapor) and liquid are known from experiments as a rule. To 
determine actual velocities the knowledge of the void fraction value is needed. It is a difficult problem 
both for analytical and experimental consideration (see for instance [36]). The transition line has a 
positive slop if coordinates of the two-phase flow-pattern map are gas and liquid Weber numbers 
based on superficial velocities. Taking into account experimental data from [37] the criterion for slug-
annular and annular regimes change can be written as:  
 

 .
gs lsWe . We≤ 0 347 94  (5) 

 

Thus, two empirical constants are presented in the model. Practically, all microgravity two-phase flow 
patterns maps which are available in literature have only a semi-theoretical character. In microgravity, 
the ratios between three forces: inertia, viscous and surface tension are important. Three dimensionless 
groups can be used for two-phase flow regimes analysis: Weber, Suratman and Reynolds [38]. Due to 
every number being defined through the other two, only two numbers are needed for modeling of 
regimes transitions. Rezkallah [35] claims what a relation between inertia and surface tension have 
primary meaning but Jayawardena et al. [39] used combination of Re and Su numbers for gas and 
liquid phases and two empirical constants for microgravity map development. The Jayawardena et al. 
model is more complex but has no real advantages over the Rezkallah model. Several slug-annular 
transition models based on force balances were suggested: Bousman void fraction matching criteria 
[29], surface tension/inertia balance Lee model [40] later improved by Reinarts [32]. More recently 



 

D. Mishkinis et.al. 40 

one more model on the slug to annular transition based on the drift-flux relation between superficial 
velocities and void fraction was suggested [41]. All models need some constants which have to be 
determined from experiments: vapor-liquid interface friction factor fi or/and critical void fraction αcr , 
or/and distribution coefficient Co, dimensionless factor k. The physical origin of all mentioned models 
(except may be Jayawardena et al.) is the same. So, an experiment is the only criteria. Experimental 
data for one component two-phase flow R12 and different modeling transition lines are shown on Fig. 
1. It is clear what Rezkallah (corrected) line divides annular and slug-annular areas better then any 
another transition border. It is a usual misunderstanding [27, 34] when superficial instead of actual 
velocities are used for Weber number calculation in Rezkallah model (Rezkallah on Fig. 1). It should 
be mentioned what data for R114 also has a good agreement with eq. (5) (Fig. 2). 
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Fig.2 Rezkallah model and smooth-wavy annular transition lines, 

ammonia (ID=3.34 mm) and R114 (ID=15.4 mm) data. 
 
Two-phase microgravity experiment with ammonia were conducted for the small diameter tube (3.34 
mm) [24]. It was found that 0-g and 1-g pressure drops for given conditions do not have any 
systematic differences. Also, authors reported about the presence of two regimes (“large tube” and 
“small tube”) where pressure drop which were well described by smooth-annular and wavy-annular 
models. The transition lies somewhere in area 10<Wegs <100. Unfortunately, today there is not 
enough experimental material to determine this border with good approach. But based on this 
experiment and the Rezkallah We number model we defined the smooth to wavy annular transition 
criteria as:  
 .

gs lsWe We≤ 0 3416  (6) 
 

The borders between different regimes are shown in Fig. 2. 
 
 
TWO-PHASE FLOW PRESSURE DROP: EARTH -NORMAL GRAVITY CASE 
 The two-phase pressure drop depends on the flow regime.  The following pressure drop models 
were chosen as most experimentally verified ones: 

•  Annular (all) regimes: Tronievski and Ulbrich [42] 
• Wavy-stratified: Taitel and Dukler [43] with ratio fi/fv=1 [44]. 
• Smooth-stratified: Taitel and Dukler [43] with ratio fi/fv=10 [45]. 
• Slug, plug, and bubbly: Beattie and Whalley [46]. 
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 Short mathematical presentations of all above mentioned models can be found in [47]. The 
Tronievski and Ulbrich model is a series of exponential and polynomial empirical formulas for 
different ranges of Lockhart-Martinelli parameter but this model has minimal error [48] and 
demonstrated very good agreement for recent ammonia [18] and R114 [47] annular flow regime 
experimental observations. Taitel and Dukler model based on momentum balance equations for 
equilibrium stratified two-phase flow but experimental vapor-liquid interfacial friction ratio fi/fv is 
required. Chosen values (1 for smooth stratified and 10 for wavy stratified regime) were based on 
large amounts of experimental data. The number of homogeneous models where two-phase flow was 
considered as a uniform media are available in literature [49]. Usually, the models have the smallest 
error when the vapor velocity is not much different from the liquid velocity. It is valid for slug, plug, 
and bubbly regimes.   The most common homogeneous approach is the McAdams model [16]. 
However, the Beattie and Whalley model was selected because of this technique, which was originally 
developed as a model for wide range of flow regimes including intermittent and transient to annular. 
Relatively new experimental data for R113 [50] also are evidence of Beattie and Whalley model good 
adjustment in case of low mass fluxes and low vapor qualities. 
 
 
TWO-PHASE FLOW PRESSURE DROP: MICROGRAVITY CASE 
 The Method presented by Chen et al. [47] with an empirical equation for interfacial friction ratio [45]: 
 

 ( ) .i

v

f .
f

= + − α
0 391 6 81 1  (7) 

 

was used for wavy-annular flow prediction of pressure drop. This model well correlated practically all 
known experimental data. For smooth annular regime region same method was applied but the 
interfacial friction ratio was equal unity [24]. It should be mentioned what Tronievski and Ulbrich and 
Chen et al. methods usually give very close results for two-phase annular pattern (for both Earth 
normal and microgravity cases). It is logical, because when we have annular flow in Earth 
environments it means gravity force is negligible and this force can not stratify the flow. The reason 
why different approaches for annular regime used is due to Tronievski and Ulbrich model is originally 
based on the large normal gravity experimental databank but the Chen et al. model is related to 
microgravity experimental records. According to this data [47] the pressure gradient is higher in 
microgravity conditions. This conclusion (and quality of the experiment setting in [47]) is criticized by 
Shungar et al. [51]. They claim on the basis of Earth experiments with water-benzoate annular flow 
which (as authors supposed) are simulating behavior of R11 in microgravity that the two-phase 
pressure drop in 0-g environment has to be 2-3 times less than in 1-g conditions. From our point of 
view first, it is true if we are talking about smooth-annular flow, but usually wavy-annular regime is 
presented in microgravity conditions and the majority of Chen et al. experimental points belong to this 
area (see Fig.2). Second, the average annular flow film thickness is greater in microgravity conditions 
(uniform film) thus, waves can have higher amplitude and average interfacial shear stress will be 
greater. Principally, there are no reasons to doubt the experimental data for R114 from [47]. 
 
As for normal gravity the homogeneous Beattie and Whalley model for the pressure drop prediction 
was used in bubble, slug and transitional flow regimes in microgravity. The correctness of such 
approach is confirmed in [52]. 
 
All presented above methods for pressure gradient calculation are frictional models which are 
equitable for adiabatic flows without mass flow between phases due to condensation. In practice 
condensation leads to reducing interfacial shear stress and thus to reducing pressure drop. To take into 
account this phenomenon the method of interfacial shear stress correction [53 p.338] based on 
“Reynolds flux” concept [54 p. 164] was realized. 
 
 
LOCAL HEAT TRANSFER COEFFICIENT: EARTH -NORMAL GRAVITY CASE 
 It is common practice to divide the phenomenon of condensation inside tubes into two regions: 
gravity controlled and shear stress controlled (or annular flow) condensation [11]. For both areas a 
number of different correlations for the local heat transfer coefficient is available. Because we could 
not find any experimental data for ammonia (recent fundamental review of available correlations for 
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two-phase flow heat transfer of ammonia made by Ohadi et al. [55] mentioned only one empirical 
formula [56] related to condensation inside finned air-cooled tube) we have to select a model most 
appropriate for our case from known generalized correlations obtained from experiments with other 
fluids. Below we consider a series of models for horizontal two-phase condensing annular flow. 
 
One of the oldest and widely used models is the correlation based on experiments with R11, R12, R21, 
R22, R113 and R114 suggested by Cavillini and Zecchin [57]: 
 

 . .
z eq lNu . Re Pr= 0 8 0 330 05  (8) 

 

where the equivalent Reynolds number Reeq being: 
 

 ( ) ( ) .
eq v v l l v lRe Re Re= µ µ ρ ρ +

0 5
 (9) 

 

Vrable et al. [58] tried to take into account the pressure influence on heat transfer coefficient and 
modified eq. (8) based on their own R12 experiments: 
 

 . . .
z re eq lNu . P Re Pr−= 0 65 0 8 0 330 015  (10) 

 

Later, Shah [59], after analysis of large databank which include experimental points for refrigerants, 
water, methanol, benzene, toluene trichlorethylene and ethanol, got the following correlation: 
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Fig.3 Annular condensing flow Heat Transfer Coefficient vs vapor quality prediction  

by different models for ammonia. 
 

Dobson and Chato [11] recommended a model which depends on the turbulent-turbulent Lockhart-
Martinelli parameter (experiments with refrigerants R12, R22, R-134a, and near-azeotropic blends of 
R32/R125): 

 . .
z l l .

tt

.Nu . Re Pr
X

⎛ ⎞
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Based on experimental results for R22, R134a and R123 Fujii [60] suggested another Nusselt number 
expression: 
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 ( ) ( )
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Chen et al [61] developed a model for vertical shear stress controlled flow, which due to the 
generalized character, have to be valid for horizontal annular flow regime: 
 

 ( ) ( ) [ ]. . .. .
z l v v l l lo l lNu . Re Re Re Pr= ρ ρ µ µ −

0 39 0 078 0 70 2 0 650 018  (14) 
 

At last, despite the fact that Shah in his critical review [62] concluded that the Ackers and Rossin 
model [63] is clearly unsatisfactory, this model still is recommended by ASHRAE [64, p.4.8] as the 
primary one. Originally, Ackers and Rossin correlation based on R12, methanol and propane data. In 
the present paper we used a modified Tandon et al. [65] formula (experiments with R12 and R22). The 
difference Tandon et al. equation from Ackers and Rossin is only the constant 0.084 instead of 0.1: 
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Fig.4 Annular condensing flow Heat Transfer Coefficient vs vapor quality prediction  

by different models for R134a. 
 

The local heat transfer coefficient depends on the latent heat of vaporization (Jacobs number) only in 
this model. Taking into account that the latent heat for ammonia is much greater than for any freon 
this fact can be important. 
 
Finally, after comparison of the different models, the Shah correlation was chosen for ammonia 
annular condensation heat transfer prediction as an average one (see Fig.3 and Fig. 4). The result is 
expected because of eq. (11) is based on the largest experimental databank. 
 
The region of gravity controlled condensation we divided into two corresponding to wavy flow and 
smooth two-phase flow regimes. Four models are related to wavy flow correlations: Dobson [66], 
Rosson and Meyers [67], Akers and Rosson [63] and Tandon et al [65]. Actually, the models are 
recommended for all gravity controlled condensation regions but correlations have the smallest error 
in the wavy region when liquid and/or vapor flows are turbulent (in models of Dobson and Rosson - 
Meyers turbulent-turbulent and laminar-turbulent Lockhart-Martinelli parameter used). Akers-Rosson 
and Tandon et al approaches have poor physical background and based on refrigerants R12 and R22 
data. Rosson-Mayers method has a disadvantage of complex and empirical (based on limited amount 
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of data) equations for calculation of the fraction of circumference where filmwise condensations 
prevails. The Dobson model was grounded on an analogous idea to Rosson-Mayers but the model is 
less complex and more experimentally proofed. Dobson correlation was selected for our investigation: 
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Fig.5 Gravity controlled condensing flow Heat Transfer Coefficient vs vapor quality prediction  

by different models for R134a. 
 
The angle subtended from the top of tube to the liquid level θl is calculated from equation for void 
fraction which is known from pressure drop model calculation: 
 

 ( )ll sin θθ
α = −

π π
2

2
 (20) 

 

For condensation in conditions with smooth stratified and intermittent flows a combined correlation of 
Chato [68] and Jaster and Kosky [69] was used. Both models are modified Nusselt formula for gravity 
driven condensation on a vertical plate.  The Chato model usually correlates well with experimental 
data but does not have a dependence on the void fraction (vapor quality) in its simplified form:  
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where hfg’=hfg(1+0.68Jal) is the Rohsenow modified latent heat [11]. 
The formula suggested by Jaster and Kosky as a role overpredicts heat transfer coefficient [62]: 
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Taking into account how the simplified Chato equation was obtained for an average angle θl=120° and 
dependence between void fraction and this angle (20) we can correct the constant in (22) by 
multiplying it on 0.9. Dependences of heat transfer coefficients from the above discussed models for 
gravity-controlled condensation on vapor quality are presented in Fig. 5.  
 
LOCAL HEAT TRANSFER COEFFICIENT: MICROGRAVITY CASE 
 The Shah correlation for two-phase annular flow heat transfer coefficients was extrapolated to the 
microgravity case. From physical consideration there are no principal differences between annular 
approaches for Earth and microgravity cases. Moreover, the validity of the chosen approach is 
conformed by Kachnik et al experiments with R12 in microgravity conditions [25]. In the area of low 
vapor qualities the experimental points well well predicted by the equation [70]: 

 
.

. . l
z l

v

Nu . Re Pr x⎛ ⎞ρ
= +⎜ ⎟ρ⎝ ⎠

0 8
0 8 0 30 023 1  (23) 

In Fig. 4 (R134a), the Best correlation in the region of low vapor quality practically coincides with the 
line calculated by the Shah model. But Eq. 23 is hardly valid for ammonia condensation (Fig.3). 
 The summary of selected methods for two-phase flow condensing flow modeling in Earth normal 
gravity and microgravity conditions is presented in the Table 1. 
 

Table 1. Selected methods for two-phase flow condensing flow modeling 
Tubeside Condensation 
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Fig.6 Condensate film thickness, void fraction and vapor quality vs length of condensation for gravity 

controlled condensing two-phase flow. 
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RESULTS AND DISCUSSION 
 Applying the selected herein techniques of computation the following types of result have been 
calculated: 

• Length of tube to achieve complete condensation; 
• Overall pressure drop on length of condensation; 
• Film thickness, void fraction and vapor quality changing during condensation. 

 The following parameters were selected as a basis ones for our investigation: working liquid – 
ammonia, vapor temperature – 40°C, wall temperature of the condenser – 10°C, LHP heat load – 2000 
W, inner diameter of the  condenser  tube –  6 mm.  Results  of the  calculations for  the  Earth  normal  
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Fig.7 Integral and differential pressure drops and local heat transfer coefficient vs length of 

condensation for condensing two-phase flow in Earth-normal gravity conditions. 
 

gravity case are showed in Fig. 6 and Fig. 7. Two flow regimes: annular and wavy-stratified are 
realized for the given conditions (see Fig. 6, Taitel-Dukler map with condensation path). The 
transition vapor quality value is about 0.7 (the distance from the condenser inlet is ~120 mm). After 
this border instead of the annular film thickness the depth of the stratified liquid layer is presented on 
the graph. The local heat transfer coefficient, integral and differential pressure gradients along the 
condenser tube also depend on the flow regime character (Fig.7). For illustrative purposes the pressure 
drop of vapor flow only along the tube is shown. During the process of condensation the two-phase 
pressure drop can be considerably higher then the “vapor-only” line, but the final overall pressure drop 
on total condensation length (0.42 m) is less and not far from the value of the vapor flow pressure 
difference. The pressure drops, heat transfer coefficient for microgravity conditions along the length of 
condensation and the condensation path on Rezkallah map are demonstrated in Fig. 8. Overall 
condensation length is just about 10% more than for the 1-g case. Pressure drops in 0-g and 1-g 
conditions are not much different as well. Thus, the behavior of the condenser in space for selected set 
of input parameters will be practically the same as its Earth horizontal position performance. 
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Fig.8 Integral and differential pressure drops and local heat transfer coefficient vs length of 

condensation for condensing two-phase flow in microgravity conditions. 
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Fig.9 Condensation length for different condenser tube diameters and heat loads in microgravity and 

Earth normal gravity conditions. 
 

But the considered case is a “unique” situation. The condensation length can be less or considerably 
more in space conditions. This effect is illustrated in Fig. 9. For a 16 mm diameter pipe the 
condensation length in microgravity in 1.7 (8 kW) – 5 (five!) (2 kW) times higher than in Earth 
environment. As for ammonia pressure drops for micro- and normal gravities the differences are not so 
large, particularly it is related to area of small diameters or/and high heat fluxes (Fig. 10). The 
variation between pressure gradient calculated by adiabatic flow model and by the model which takes 
into account the influence of mass flow due to condensation is in the range 3-20%. Condensation 
phenomenon leads to pressure drop reduction. It is remarkable, that for given conditions of the rough 
approach, when the two-phase flow pressure drop in the condenser is replaced by vapor flow pressure 
drop of the same distance acceptable values result. But it is not valid if the working liquid is not 
ammonia but, for instance, propylene (Fig 11). From Fig. 11 it is clear that R134a has the biggest 
pressure gradient and ammonia has smallest one if other conditions are the same. It is natural because 
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ammonia has the largest latent heat of evaporation and so, the total mass flux will be smallest in 
comparison with propylene and R134a. 
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Fig.10 Overall pressure drops on condensation lengths for different condenser tube diameters and heat 

loads in microgravity and Earth normal gravity conditions. 
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Fig.11 Overall pressure drops on condensation lengths vs. heat loads for ammonia, propylene and 

R134a in microgravity and Earth normal gravity conditions. 
 
CONCLUSIONS 

A detailed analysis of recent models and experimental data for condensing two phase flow 
regimes, pressure gradients and local heat transfer coefficient in Earth-normal gravity and 
microgravity conditions was made and the results are summarized in Table 1. Basing on selected 
methods the analytical investigation of ammonia, propylene and R134a two-phase condensing flow 
performances was carried out. The special attention was given to pressure gradients and condensation 
lengths.  
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It was found that:  
1. Length of condensation in microgravity at certain conditions can be larger than the length of 

condensation for 1-g horizontal tube in several (even ten) times. But the situation when 
lengths are equal also can be realized (see Fig. 9). 

2. Pressure drops in the condenser for micro- and normal gravity surroundings are not different 
significantly, particularly it is related to the area of small diameters and/or high heat fluxes 

3. The engineering rough approach, when the two-phase flow pressure drop in condenser 
replaced by vapor flow pressure drop on same distance can give acceptable results for 
ammonia condenser design calculations, but it is not valid in general for other working fluids 
and different from those considered in the paper operational conditions. 

 
The verification of obtained results by experimental efforts, especially for ammonia local heat transfer 
coefficients for condensation in tubes and annuli for both 1-g and micro-g environments, are 
extremely desired.  
 
Nomenclature 
 

( )l v gD
Bo

ρ −ρ
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σ

2
 Bond number 

c1,2 constants 
cp heat capacity 
D tube inner diameter 
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GFr
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ρ

2  Froude number 

f friction factor  
G mass flux 
g acceleration of gravity 
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=
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 Galileo number 

hfg latent heat of evaporation 
h heat transfer coefficient 
j superficial velocity 
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 Jacobs number 

Ktd Dimensionless parameter  
 defined by Eq. (4) 
k thermal conductivity 
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=  Nusselt number 

P pressure 
Pre=P/Pcr reduced pressure 
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k
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=  Prandtl number 

jDRe ρ
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 superficial Reynolds number 

DSu ρ σ
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 Suratman number 

T temperature 
v velocity 

DvWe ρ
=

σ

2  Weber number 

X Lochart- Martinelli parameter 
x vapor quality 
z axial location in tube 
α void fraction  
∆ Difference between values 
θ angle 
µ dynamic viscosity 
ρ fluid density 
σ surface tension 
 

Subscripts 
cr critical 
eq  equivalent 
i interface 
l liquid 
o  only 
re  reduced 
s  superficial 
td Taitel-Dukler 
tot total 
tt turbulent-turbulent 
v vapor 
w wall 
z local 
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