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Abstract. The flow boiling instability characteristics of nitrogen flow
boiling in a horizontal small diameter tube were numerically studied, and a
numerical model coupled with two phase flow boiling and system flow
supplying was developed. With the steady state solution of the model, the
flow boiling characteristic curve and flow supplying curve were obtained.
The flow boiling characteristic curve was affected by the heat flux and
inlet subcooling, meanwhile the flow supplying curve was affected by the
total system pressure drop and friction feature of the flow supplying
section. With the transient solution of the model, The dynamical response
of pressure drop oscillations type (PDOs) instability of two phase flow
were investigated, occurring region and trigging conditions were also
obtained.

1 Introduction
The flow boiling heat transfer in small diameter channels is widely used in the electronics
industry, aerospace and energy engineering fields, which has the advantages of high heat
transfer coefficient and uniform heat transfer surface temperature, but also cause flow
boiling instabilities [1]. Flow boiling instabilities may cause periodically oscillation of flow
rate and pressure drop, which induce mechanical vibration and system control problems,
lowering the safety of the whole system [2, 3].

The flow boiling instabilities mainly contain Lednegg instable flow (LED), density
wave oscillations (DWOs) and pressure drop oscillations type (PDOs) instability. Kakac et
al. [4] observed the PDOs and DWOs in R11 upflow boiling experiments. Stoddard et al. [5]
found that increasing the heat flux and decreasing the pressure could result in the flow
instability occurring in a higher mass flux region. Karsli and Comakli [1,6] concluded that
increase of inlet temperature will reduce the amplitude and period of the PODs and DWOs.
Brutin and Tadrist [7,8] observed the flow instabilities at low Re. Wang et al. [9] found
long-period and short-period instabilities in the experiments. Qi et al. [3] found long-period
oscillations instabilities(50-65s) in liquid nitrogen flow boiling in 1.042 and 1.931 mm
vertical tubes. Yu et al. [10] observed PDOs, DWOs appearing when the outlet quality was
-0.001 to 0.012 in the experiments

It can be seen that the current researches are mainly focused on experimental studies,
but there is no clear understanding on the mechanism of the flow boiling instabilities.
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Therefore, a numerical model coupled flow boiling and flow supplying was established.
Based on the model, the flow boiling characteristic curve and the flow supplying curve
were studied. The PDOs instability was investigated on the aspects of dynamic response,
occurrence region and triggering conditions.

2 Numerical model
As the two-phase flow instabilities essentially due to the mismatch between the flow
supplying and the flow demanding. Therefore, it is necessary to establish a coupled
numerical model for the flow supplying and the flow boiling in the pipe.

2.1 The model of flow boiling in tube
Due to the horizontal flow, the gravitational term (horizontal flow) in the momentum
equation could be ignored, the governing equations including continuity equation,
momentum equation and energy equation are as follows:
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Which, �m/kg⋅m-3 is the average density of the two phase flow, �h/m is the heat transfer
perimeter, �c/m2 is the flow area. Therefore the mass flow in each cross section is given by:
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Homogeneous Flow Model was adopt, therefore, the average velocity and density are
given by:
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Hm is the average enthalpy of the two phase flow, which could be calculated by the
quality x:

m LV LH xH H  (7)
Which �LV/J⋅kg-1 is latent heat of vaporization, �L/J⋅kg-1 is enthalpy of saturated liquid.

x is the equilibrium quality, �t0 means the subcooling, while ��1 means superheat
conditions. And � d��d� f in momentum equation was calculated by the C correlation in
[11] with Chisholm correlation.

2.2 The numerical model of flow supplying
The physical model shown in figure 1 mainly contains three parts, one reservoir having a
constant pressure �0 , one surge tank and one test tube having a constant outlet pressure
�outlet.

Fig. 1. Schematic of flow supplying with surge tank.

Since the fluid in the tube between the reservoir tank and surge tank, as well as the
surge tank and test section is both subcooled liquid and having no heatleak for
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Since the fluid in the tube between the reservoir tank and surge tank, as well as the
surge tank and test section is both subcooled liquid and having no heatleak for

simplification, the continuity equation and energy equation could be ignored, the
momentum equation of liquid-phase fluid for the two parts above are established as follows:
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While the nitrogen inner the surge tank could obtained by the ideal gas law:
g V V
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Which �g is the universal gas constant, �V and �V are the gas mass and volume inner
the surge tank separately. The � ∂p�∂z f in Eq.8 is the liquid friction pressure drop, which
could be calculated by Blasius equation. The �0 and �outlet shown in figure 1 are constant
as boundary conditions.

3 Study cases

3.1 Flow boiling characteristic curves and flow supplying curves

The flow boiling characteristic curves and the flow supplying curves could obtained by the
steady state solution of the numerical model. Figure 2 shows the relationship between the
total pressure drop and mass flux in different heat flux conditions.

(a)Effect of heat flux (b)Effect of mass flux
Fig. 2. Flow boiling characteristic curves.

It can be seen that the pressure drop is monotonically increase with mass flux when
�=0, which is due to the fluid along the tube is liquid phase. When the heat flux q=5,10,15
kW⋅m-2 separately, the characteristic curve shows the "N" shape. This is because when the
mass flow rate is high, the heat flux density is not enough to make the subcooled liquid
nitrogen reach the two-phase state, so the tube is all liquid phase, so the pressure drop is
monotonically decreased with mass flux decreased; with the mass flux decreases, the two-
phase state appears inner the tube, so the total pressure drop is increase with mass flux
decrease; and when the mass flow rate continue to decline, the dryout condition appears in
the tube, and the pressure drop decreased with the mass flux decrease. And the entire
characteristic curve will be higher with the heat flux increase. When ��0, with the increase
of mass flux, the characteristic curve is divided into three parts, which are separately single-
phase positive slope region, two-phase negative slope region and two-phase positive slope
region.

Figure 2(b) shows the characteristic curves under different inlet subcooling ∆�sub
conditions. It is found that with ∆�sub decreases, the characteristic curve rises, resulting in
the slope of the curve increase gradually, and finally the two-phase negative slope region
disappears.
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3.2 Flow supplying curve
The flow supplying characteristic curves are similar to the external characteristic curves of
the pump, which means when the system inlet and outlet pressures are constant (p0 and
poutlet in figure 1), the relationship between the pressure drop (pinlet-poutlet) and the mass flow
of the fluid. Define the dimensionless friction coefficient fS, which means the pressure drop
friction characteristics of the tube:

0
s 0.25

0 LO

0.3164
2

L Gp f
D Re 

  (10)

Which �0=1 m, �0=3 mm are the standard tube length and tube diameter separately.
Figure 3 shows the flow supplying curves. It can be seen the characteristic curve

increases with the total pressure drop increases (figure 3(a)), and the curves become steeper
as the friction characteristics become larger (figure 3(b)).

(a)Effect of the total pressure drop (b)Effect of the pressure drop friction
Fig. 3. Flow supplying curves.

3.3 Dynamic response of the three types of instabilities

The flow chart of dynamic response calculation was shown in figure 4, the initial steady-
state results are obtained firstly. Then, one perturbation was added, after which the transient
calculation is operated to obtain the dynamic response of pressure, flow rate and
temperature results. In the calculation, the added perturbation is the change of the mass flux
at the test tube inlet ∆��∆�, afterwards the transient calculations could be operated by the
numerical model automatically.

Fig. 4. Flow chart of dynamic response calculation.

Pressure drop oscillations (PDOs) typically appears in the conditions having surge tank
upstream of the test tube, which always induce flow excursion and intense oscillations of
pressure, mass flux and surface temperature. The dynamic response of PDOs are shown in
figure 5, and the calculation parameters were shown in table 1.

Table 1. Calculation paremeters and adding perturbation.
D/mm q/kW∙m-2 Pinlet/kPa ∆Tsub/K Ginlet/kg⋅ m-2⋅ s-1 ∆��∆�(kg⋅ m-2⋅ s-2)
2.92 10 200 6.4 500 ±0.1
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(a) Characteristic curves and dynamic response (b)Mass flux and pressure at inlet changes with time

(c)Mass flux and pressure drop change with time

Fig. 5. Pressure drop osillations (PDOs) type instability,∆�sub=6.4 K.

It can be seen from the figure 5 (a) that the flow supplying characteristic curve are not
unique, and the curve of the maximum pressure and the minimum pressure of the surge
tank were given in the figure. The dynamic response is in the region between the two
characteristic curves, the working conditions change periodically with the flow excursion
appears. Figure 5 (b) shows the mass flux and pressure of the tube inlet changes with time,
it can be seen that although the perturbation is added at time 0, the system is in a "false"
stable state during about 80 s, and then the mass flux and pressure started having a fixed
period of oscillations, and maintained a stable phase-difference. Figure 5 (c) shows the
mass flux and pressure differential having a phase-difference. When the mass flux is
maximum, the pressure drop is minimum, and at this time the fluid inner the whole tube is
liquid state, so the phase-difference between inlet and outlet mass flow rate disappears.
Figure 5(d) shows that due to the flow condition periodically goes into the full liquid region,
the heat transfer is changed from the nucleate boiling to single-phase convection, so the
heat transfer coefficient decreases dramatically, and the surface temperature having a huge
temperature jump.

From the calculation of the numerical model, the PDOs generally occurs in the two-
phase negative slope region, and requires two conditions: (1) the system has a surge tank, in
which the pressure changes periodically, (2) The slope of the flow supplying characteristic
curve is greater than the flow boiling characteristic curves. When the PDOs appears, the
surface temperature may have a wide range of fluctuations, because the fluid periodically
goes into the single-phase liquid region, which change the heat transfer mechanism, leading
to the changes of the heat transfer coefficient, resulting in a periodically wild change of
wall temperature.

(d)Temperature of surface and quality at
outlet change with time
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4 Conclusions
The flow boiling of liquid nitrogen in a horizontal small diameter tube was numerical
studied in this paper. The numerical model coupled with flow boiling in tubes and flow
supplying was developed. Based on the steady-state solutions of the model, the
characteristic curves of flow boiling and flow supplying were studied respectively, which
the former is affected by the heat flux and inlet subcooling, while the latter is affected by
the total pressure drop and the friction characteristics of the supplying tube. Based on the
transient solutions, the characteristic mechanism of the pressure drop oscillations (PDOs)
was studied. The dynamic response, occurrence region and trigger conditions were obtained.
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