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Abstract-Experiments are performed in order to study the effect of hydrate formation on heat transfer in 
pipes. The hydrate formation in the horizonal flow of the gaseous refrigerant R134a and water is examined 
in a transparent test section at low pressure. The experiments conducted have shown that the formation of 
hydrates starts on the pipe wall. The whole perimeter of the pipe wall is covered by hydrates and a hydrate 
layer is achieved. The thickness of the hydrate layer can be related to the measured heat transfer resistances 
and measured pressure losses. The thickness of the hydrate layer can be calculated analytically, if a first- 
order logarithmic function of the radial coordinate is assumed for the temperature field within the hydrate 

layer. 

1. INTRODUCTION 

UP TO now, crude oil and natural gas from subsea 
reservoirs are exploited by conveying the mixture of 
oil, gas, aqueous brine and entrained solids from the 
well along risers to the processing platforms, where 
the different phases of the well stream mixture are 
separated. Oil and gas as unprocessed materials are 
conveyed to the shore by pipeline or by tankers. The 
investment and operating costs of this kind of exploi- 
tation are high. The exploitation of marginal gas fields 
is not economical yet. Developing these fields from 
already existing platforms offers a possibility for 
reducing costs. This has resulted in the idea that it 
may be possible to develop marginal fields by full 
well stream transfer tying back to already existing 
platforms. In this case the multiphase mixture has to 
be conveyed without further processing to the plat- 
form or even to shore. 

This technology handles multiphase flows over long 
distances in cold environments. The temperature of 
the multiphase mixture decreases along the pipe due 
to the low temperature of the surrounding sea water. If 
the temperature in the pipeline is low enough, hydrate 
formation may occur. The design of multiphase trans- 
mission systems requires a detailed know-ledge of the 
heat and mass transfer in multiphase flow with hydrate 
formation. 

To distinguish the flow conditions for hydrate depo- 
sition the mutual effects of hydrate formation, fluid 
dynamics and heat and mass transfer have to be exam- 
ined. Therefore a model system is chosen, that enables 
the study of hydrate formation in a low pressure, 
transparent test section. The used gas is the refrigerant 
R134a. 

2. HYDRATES 

Hydrates are solid, crystalline compounds of water 
and low boiling gases forming a special form of molec- 
ular structure. Because of their hydrogen bonding 
properties, the water molecules are able to form cavi- 
ties, which can accommodate low molecular weight 
molecules. The inclusion of these gas molecules sta- 
bilizes the metastable water lattice structure. There 
are two different types of common hydrate structure, 
which are referred to as structure I and structure II. 
Both structures contain numerous small and large 
cavities. Only molecules of modest size and appro- 
priate geometry are able to enter the cavities. 

The hydrate of R134a is of structure II. A unit cell 
of this hydrate structure with its cavities is shown in 
Fig. 1. The unit cell is composed of 136 water 
molecules. The water molecules form 16 small and 8 
large cavities. The diameter of the smaller cavities is 
0.49 nm, while the diameter of the large cavities is 
0.65 nm [l]. The maximum molecular length of the 
refrigerant R134a is 0.64 nm [2]. Therefore, R134a 
stabilizes the large cavities in a structure II hydrate. 
where the introduced molecules occupy the large cavi- 
ties while smaller cavities remain unoccupied. 

The phase behavior of R134a and water is illus- 
trated in Fig. 2. This figure shows a pl”-phase diag- 
ram for hydrates of R134a. The points of the fully 
drawn curve are three phase loci. The curve represents 
equilibria between hydrate, R134a in gaseous form 
and liquid water. The curve is approximated by the 
equation : 

In(p) =a+ $ +cln(T), 
0 

(1) 
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NOMENCLATURE 

thermal diffusivity [m’s_ ‘1 
constants 
Biot number 
specific heat capacity [J kg-’ K- ‘1 
diameter [m] 
specific formation enthalpy [J kg-‘] 
length [m] 
pressure [Pa] 
pressure loss [Pa] 
phase change number 
radius [m] 
thickness of the hydrate layer [m] 
temperature [K] 
elapsed time [s] 
overall heat transfer coefficient 
~rn~‘K-‘1 
volumetric flow rate [m) s-‘I. 

where p is the equilibrium pressure (MPa), T the equi- 
librium temperature (K) and a, b, care constants given 
by Oowa et al. [3]. They are listed in Table 1. The data 
points displayed, are hydrate equilibria measured by 
Dorstewitz and Mewes [4]. The deviation between this 
observed pressures and the pressures calculated by 
equation (1) is within 4%. 

3. EXPERIMENTAL SET-UP 

Hydrate formation was studied experimentally in a 
horizontal pipe flow of gas and water. A schematic 

unit cell of structure II 

small cavity 

large cavity 

FIG. 1. The unit cell of the structure II hydrate with its 
cavities. 

1 
Greek symbols 

u heat transfer coefficient [W m-2 K- ‘1 
L thermal conductivity [W m- ’ K- ‘1 
P density [kg m-j] 

J, 
dimensionless time 
dimensionless function of heat fluxes. 

Subscripts 
2ph two phase 
C cooling agent 
eq equilibrium 

f; 
gas 
hydrate 

0 outer 
W water 
wall wall. 

description of the test facility used is given in Fig. 3. 
Water as the liquid phase and the gaseous refrigerant 
are pumped from storage tanks into the test section. 
The pressure, the temperature and the volumetric flow 
rate of each fluid are measured. The tubing is made 
of glass with an inner diameter of di = 15 mm. The 
cooling is obtained by a jacket tube in countercurrent 
flow arrangement. The test section is composed of 
an entrance section with an l/d ratio of 135 and an 
approximately 2 m long measurement section. 

The system pressure and pressure loss in the 
measurement section as well as the temperature of the 
two-phase mixture at the entrance and the exit are 
measured. Finally a separator is connected which gra- 
vitionally separates the water and the gas. Hydrate 
particles carried along with the water are separated in 
a filter, if necessary. The separation step is required to 
allow for the recirculation of the phases. The pressure 
in the system is p = 0.12 MPa. The volumetric flow 
rate of water is varied in the range of 0.5 < r’, < 1.5 
I min-’ and the volumetric flow rate of R134a is varied 
in the range of 1.5 < vg 6 4.3 1 min-‘. 

At the end of the test section a viewing system 
for axial photography of the flow is installed. The 
development and the application of axial flow viewing 
systems is described in detail by Hewitt and Whalley 
[5]. The used axial flow view photographic system is 
depicted in Fig. 4. The multiphase flow is passing the 
horizontal measurement section. A short section of 
the jacket tube is illuminated. The illuminated cross- 

Table 1. Constants in equation (1) for R134a [3] 

a 6 c 

-8.1079x IO* 1.9560 x lo4 1.3122x lo2 
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FIG. 3. Experimental set-up. 
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FIG. 4. Axial flow view photographic system 
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FIG. 5. Hydrate formation pattern in the 15 mm test pipe. 

section within the measurement section can be viewed 
through a window at the end of the system. A photo- 
camera with its lens system is mounted concentrically 
with the tubing. The camera if focused on the plane 
of illumination. The fluids passing the tubing are 
diverted 90” in a T-fitting, which is connected to the 
enlargement behind the plane of illumination. 

Using the axial view technique, it is possible to 
obtain one cross-section of a stratified flow with 
hydrate formation. The circumferential distribution 
of the hydrates can be clearly seen and the formation 
as well as the deposition of hydrates within the illumi- 
nated section are observed. Furthermore it is possible 
to measure the thickness of the growing hydrate layer 
within the plane of illumination. 

4. RESULTS 

4.1. Hydrate formation 
The appearance of the hydrates in the pipeline is 

illustrated in Fig. 5. The formation of a plug starts on 
the pipe wall where the interface between water and 
gas is located. The whole perimeter of the wall is 
covered by hydrates and a closed hydrate layer is 

achieved. The hydrate layer grows radially towards 
the center of the pipe. 

4.2. Pressure loss 
The time-plot of the related pressure loss is illus- 

trated in Fig. 6. The system pressure isp = 0.128 MPa. 
Hence hydrates can form at temperatures below 
T,, = 277.43 K. The flow regime is plug flow. Due to 
the void distribution, the value of the related pressure 
loss is low. The onset of hydrate formation after 121 
min leads to fluctuations in the pressure loss history. 

With an increasing hydrate layer the free cross- 
sectional area decreases by the power of two. This 
leads to a nearly parabolic increase of the measured 
pressure loss up to the plugging of the pipe after 129 
min. 

If a turbulent flow of a homogeneous mixture of 
gas and water is assumed, the mean thickness of the 
hydrate layer can be calculated directly from the mea- 
sured pressure loss : 

4.3. Heat transfer 
The growing hydrate layer implies an increasing 

resistance for heat conduction to the pipe wall. For 
constant fluid conditions at the entrance of the 
measurement section, the change of the heat transfer 
resistance can be calculated from the measured fluid 
temperature at the exit. The difference in the heat 
transfer resistances for the surface covered by hydrates 
and for the clean surface is known as the fouling factor 

1 1 ---=-$[lnr$)-J’. (3) 
u, u1.0 
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FIG. 6. Measured pressure loss for hydrate formation in the 15 mm test pipe 
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FIG. 7. Measured heat transfer resistance for hydrate formation in the 15 mm test pipe 

If no solid removal takes place, Vi will increase with Three boundary conditions exist for this problem, 
time and the pipeline will be plugged. which are : 

Figure 7 shows the measured heat transfer resist- 
ance l/Vi vs time for turbulent flow conditions. After 
an elapsed time of t = 121 min a hydrate layer is 
observed on the pipe wall. The measured heat transfer 
resistances increase. The liquid slugs flowing through 
the pipe are able to clean the pipe wall for 3 min. 
This phenomenon results in a decreasing heat transfer 
resistance. The further hydrate removal is not as high 
as the hydrate deposition. This results in an increasing 
thickness of the hydrate layer and an increasing heat 
transfer resistance. 

T(rf, 0 = Teq, (6) 

_1 aT(ri, t) hp= Uo[T(ri,t)-TJ, and 
ar (7) 

a T(r,, 0 
Ah ’ ____ +Mi[Tzph- 

ar 
T(rf, t)] = pAh 2. (8) 

If a first-order logarithmic function of the radial 
coordinate r is assumed for the temperature field 
within the hydrate layer, the integral equation for 

4.4. Hydrate layer 
In Fig. 8 the formation of a thin hydrate layer is 

illustrated schematically. It is assumed that the thick- 
ness of the hydrate layer is small relative to the pipe 
diameter. With this assumption the inner heat transfer 
coefficient tli is not greatly affected and can be assumed 
to be constant. The outer combined heat transfer 
coefficient : 

is fixed by the processing conditions. The governing 
equation for this layer, is the conduction equation. 
Integrating the conduction equation with respect to r 
from rf to r, yields : 

dr,(t) rT(r, t) dr+ rfp 
dt 

a Th, t) 
___ ar 

1 
= 0. (5) 
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FIG. 8. Formation of a thin hydrate layer 
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the hydrate layer will become a non-linear ordinary 
differential equation [6]. This equation is : 

[In(s)+&] 

1 

Ph- z 
+Bi2 

dBi 

ii- 
d7 

Bi Ph 
BiO- 

= 0, (9) 

in dimensionless form, where two Biot numbers are 
defined, the Biot number Bi for the dimensionless flow 
radius and the Biot number Bi, for the dimensionless 
radius of the pipe : 

BizF and Bi,EF, (10) 
h h 

The dimensionless solid-liquid phase line, the Biot 
number Bi, is a function of the Biot number Bi, and 
three additional dimensionless parameters, which are 
the dimensionless time z and the phase change number 
Ph : 

and the dimensionless parameter 6’ : 

(12) 

0 is the ratio of the two heat fluxes. The parameters 
Bi, and 8 are process design parameters, while Ph is a 
material parameter. The governing equation (9) for 
the Biot number as a function of the dimensionless 
time T is solved using the Runge-Kutta integration 
scheme. 

The results for the thus calculated Biot numbers as 
a function of the dimensionless time 7 are presented 
in Fig. 9. The measured Biot numbers are in good 
agreement for 7 < 0.5. If the thickness of the hydrate 
layer increases, the free cross-sectional area will 
decrease. This leads to an increasing inner heat trans- 
fer coefficient c(, for constant volumetric flow rates of 
gas and water. Due to the increasing inner heat trans- 
fer coefficient the combined parameter 8 increases. 
This results in a more slowly growing hydrate layer. 
Therefore the measured values for the Biot numbers 
are higher than the calculated values. The numerical 
solution indicates that for the given parameters a 
stable thickness of the hydrate layer is not achieved 
and the pipeline will be plugged, Bi = 0. 
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