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Enthalpy-based System-Model for Pumped Two-phase Cooling Systems

Leitao Chen, Fanghao Yang, Pritish R. Parida, Mark Schultz, Timothy Chainer

IBM T. J. Watson Research Center, Yorktown Heights, NY, USA, 10598
Email: yangf@us.ibm.com

ABSTRACT

The development of embedded chip cooling for 2D and 3D
integrated circuits using pumped dielectric refrigerant has
gained recent attention due to the ability to manage high heat
densities and compatibility with electronics. Recent studies
have focused on in-situ thermal and hydrodynamic phenomena
(e.g. boiling and bubble dynamics) of two-phase flow boiling at
micro-scales. In this paper we focus on the two-phase cooling
system design including the cooling capability, size and
coefficient of performance (COP). In implementing a two-
phase cooling, a system-level computational model for two-
phase cooling systems becomes necessary. Therefore, a
computationally manageable and accurate one dimensional
(1D) system model is described. Furthermore, the model can be
easily customized for different two-phase cooling system
configurations. By validating the model with experimental data
from a two-phase cooling system, it is shown that model can
generate accurate results, and therefore, can be used as a tool to
study and predict the characteristics and performance of a
pumped two-phase cooling systems.
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NOMENCLATURE

first parameter in Eq. (8)

friction factor

gravitational acceleration constant, 9.8m/s?
enthalpy, J/kg

heat flux, W/m?

second parameter in Eq. (8)

vapor quality

pressure, Pa

the length in the flow direction, m

the C value for Lockhart-Martinelli model
hydrodynamic diameter, m

height, m

mass flux, kg/(m?’s)

temperature, K

Martinelli parameter
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Greek symbols

void fraction

density (kg/m?)

angle (rad)

amplifier

dynamic viscosity (Pa-s)

TS DO R

Subscripts

amb ambient

fr frictional force

g gravitational force

i index number for nodes during discretization
in inlet
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out outlet

1 liquid

mo momentum change

Ic liquid column

r reservoir

v vapor

sat saturation

I index number for segments during discretization
INTRODUCTION

The significance of cooling technologies has increasingly
grown in the IT industry. The demand to increase system
performance has driven the development of three-dimensional
(3D) chip stacking which reduces the distance of chip
communications and increases bandwidth [1, 2]. However, the
3D stacking structure can cause dramatic rises of both
volumetric heat generation and heat flux in the stack, which can
be over 1 kW/cm?® and 1 kW/cm?, respectively [3-5]. Traditional
thermal solutions such as air cooling and single-phase liquid
cooling have been proved insufficient due to their limited heat
transfer coefficients (HTC) [6-7] and/or high pressure drop at
required flow rates. Therefore, more sufficient cooling scheme
is demanded. In addition, with the rapid growth of the IT sector,
its energy consumption is also skyrocketing. Among the total
energy consumed by IT devices, the energy for cooling is a
major contributor. Recent studies for Data centers have shown
that their power usage accounts for 2% of total US power
consumption, of which 25%-30% is utilized by cooling [8]. To
reduce the cooling power consumption, a more efficient cooling
technology is required. Two-phase liquid cooling which
combines excellent thermal performance and energy efficiency
offers a solution to next-generation cooling technology in IT
industry [9-10]. In two phase cooling heat is absorbed during
the change in phase of the coolant from liquid to vapor which
can sustain large heat transfer coefficients. As a result, the flow
rate of the refrigerant in two-phase cooling systems can be
lowered, thus decreasing pumping power consumption.

Most of current studies about two-phase cooling focused on
the microscopic level, on which different geometries and
configurations of flow boiling are investigated in order to
estimate their effects on hydrodynamic and thermal
performances, such as pressure drop, HTC and critical heat flux
(CHF). For example, straight [11-13] and circular [14-16] multi
microchannels have been studied both experimentally and
numerically and recently, pin-fin arrays [17-18] and radial
hierarchical channels [19] have been investigated due to their
better temperature uniformity. However, the study of two-phase
cooling at the system level is also important as microchannel
evaporators require a closed loop system whose design will
affect the cooling performance and energy efficiency.
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Therefore, in order to understand the two-phase cooling on the
system level, a system model is critical.

The system models basically serve two purposes: to improve
the system design, a hardware aspect and to optimize the system
control, a software aspect. Due to the fact that the development
of two-phase cooling for electronics is still at its infancy, the
system hardware design is more critical at the current stage.
Therefore, a system model that is general in nature is highly
desired. Such a generality should allow different system
configurations, the addition or deletion of different types and
subcomponents, and the application of different types of
refrigerants, which are altogether called the front-end
generality. The model should also have the back-end generality,
with which one can easily replace and modify the physical
models, numerical algorithms and parameters for each
subcomponent in the system model to achieve a desired level of
accuracy, because a good accuracy is important but usually hard
to obtain for two-phase simulations due to the complexity of
physics. Among a handful system models of the two-phase
cooling for electronics, there is no one that can satisfy the front-
end and back-end generality in the same time. For example, the
models developed by Catano et al. [20, 21] and Li and Alleyne
[22] adopted a lumped-variable approach. Such an approach
can compute very fast, and therefore can be used to perform
real-time simulations to study the control strategies. However,
the back-end generality is lost due to the lack of dimensions in
the model. As a result, such a model cannot be utilized to
improve the system design due to its poor accuracy.

A two-phase cooling system model was developed and is
described in this paper. The system model developed in this
paper has the capability to customize the system by integrating
different evaporators, condensers and subcomponents. It also
allows building different system configurations and choice of
refrigerants. The paper is organized in the following order:
First, general features of the system model are described.
Second, detailed numerical methods of the model are presented.
Third, models of some key subcomponents in the system are
discussed as well as the system model. Last, the solutions of
model are compared with experimental data from an
experimental system using R1234ze refrigerant.

MODEL OVERVIEW

The system-level model described in this paper has four key
features that are expanded in the following four subsections.

I. Governing Equations

The model is a hybrid based upon conservation laws. The
basic goal of the two-phase cooling system model is to calculate
the macroscopic variables, namely the pressure (p), temperature
(T) and vapor quality (x), at any location in the system. There
are many approaches to calculate these variables, however, in
order to achieve generality as well as accuracy, the model in
this paper is constructed by solving the general one-
dimensional (1D) conservation equations of mass, momentum
and energy. Usually when operating a cooling system, the mass
flow rate is a controllable variable. Therefore, in the system
model, the mass flow rate is assumed to be a known parameter
which is used to calculate other unknowns. As a result, the
conservation of mass is automatically satisfied when the same
mass flow rate is applied to every component in the system.

Nevertheless, solving of momentum and energy conservations
cannot be avoided. Solving momentum conservation equation
is theoretically equivalent to calculating the pressure drop Ap,
which provides a solution to p; and the solution of energy
conservation equation yields 7'and x. The process of calculating
p, T and x will be discussed in detail in the next section.

One of the key feature of the system-level model is rapid
turn-around time for each simulation. However, for some
system components such as a microchannel evaporator with
complicated flow networks [18, 19, 23], solving the
conservation equations of momentum and energy turns out to
be computationally intensive (in a relative manner). Therefore,
higher-level abstractions in the form of correlations or
characteristic curves based on experimental data is chosen to
obtain the values of p, T and x, instead of solving the
conservation equations resulting in a hybrid model.
Additionally, the REFPROP software [24] was used for
computing the various fluid intrinsic properties. The
calculations of the thermodynamic and transport properties of
the refrigerant can be very accurate due to the high-fidelity
equations of state (EOS) in the REFPROP library [24].

II. Model Generalization and Modularity

In order to create a general model that has the maximum
flexibility to simulate systems with different configurations,
design and operating conditions, the system model ( illustrated
in Figure 1) is entirely modularized with Object-Oriented
Programming (OOP) and is integral to each component of the
system model (Figure 2). For any component in the system,
such as pipe, pump or condenser, etc., its model can be
generalized as a black box, which has inputs P, T;, and x;,
and generates the output P,,;, Ty and X,,; according to the
characteristics of the component.

Fig. 1 General system model

Py Pout
Tin Tout
xln xout

Fig. 2. General component model

In addition, each component model can fully work on its
own and is self-contained. It has full functionality to calculate
its own output variables based on its input, regardless of which
other component model it is connected. This allows each
component model to be repeatedly used, which dramatically
reduces the effort to reuse, maintain and develop the models.
Each component model has its own algorithm to calculate its



output variables. Since each component model itself is also
modularized, the modification or replacement of such an
algorithm does not affect other factors of the component model,
such as the size and material property. Therefore, the
methodology to generate output variables could be an algorithm
that solves the momentum and energy conservation equation,
such as for a pipe or condenser, or a P-V curve or other
characteristic curves or even experimental data that can replace
solving of momentum conservation, such as for the pump. This
feature is extremely important because it allows the
components with different natures to be plugged into the system
without any significant changes to the system model.

II1. Numerical Model - Enthalpy Conservation

The numerical model is the core of this system model, which
is enclosed in each component model to calculate its Py, Tpyr
and x,,; as shown in Figure 2. The numerical model is the
solver of each component model and also the entire system
model. The model requires that P;,, T;, and x;, be known or
obtainable. The exact form of numerical model may vary from
component to component, however, they all have the same
basic structure.

For a two-phase system, phase change occurs inevitably
with energy transfer. Regardless of whether the flow is single-
phase or two-phase, or whether phase change happens or not,
the total enthalpy is conserved. The energy conservation in the
form of enthalpy equation is shown in Eq. (1). For any
component in the system, h;, is known either as an output from
preceding component or as a starting assumption and A/ is also
known since it is the total energy added or subtracted into or
from the component, including the small amount of heat
exchange with the environment. Therefore, h,,, can be
calculated by Eq. (1). In order to define the thermodynamic
state of the coolant, another thermodynamic property is
required. For the present study, we chose that to be P,,; which
is calculated by using Eg (2). Using these two properties as
component outputs, T,,; and x,,; can be calculated. Similarly,
to the enthalpy calculation, for any component, Py, is known
either as an output from preceding component or as a starting
assumption. However, AP is not known and can be calculated
using the process described in the following section.

hout = hin + AR (D
Pour = P + AP )

IV. Numerical Model — Pressure Drop Calculation

The pressure drop, across a system component can be
obtained in different ways. Usually, for any components in the
flow system, the pressure difference AP (the pressure after the
component minus its inlet pressure) can be characterized in
term of flow rate. For a pump, which is the flow motivator, AP
is positive; for all other components in the system such as pipes,
valves and the testing device, which have a flow resistance, AP
is negative. Such a characteristic of a certain component is
called the P-V curve, which is usually acquired from
experiments. For some components like pumps and flowmeters,
their P-V curves are available through product literature while
others can be obtained experimentally. For such cases, AP can
simply be interpolated from these curves.

However, for other components like pipes, the approach of
using a P-V curve becomes more difficult. There are two
reasons. First, the piping in a flow system is variable with
different length, number of bends and altitude (relative height
differences). It would be very tedious to characterize the P-V
curve with experiments for each pipe section; secondly, the
flow in each pipe could be single-phase with different
temperatures or two-phase with different flow regimes, so the
full characterization of each pipe would require not just one
curve but many, which is nearly impractical. Consequently, a
more fundamental model becomes necessary, which is the
conservation equation of momentum. By building the
momentum conservation equation for general flows (single-
phase or two-phase) and performing some transformations [25],
we obtain the equation shown below.

(= @), @), @),, @

Per equation (3), the total pressure gradient along the flow
direction z has three contributors: the frictional force, the
gravitational force and the change of momentum due to
acceleration or deceleration. In Eq. (3),

d ,
(52) =10 -a)p +ap,lg - sin 4)
g
dpP _a @ G2(1-x)?
(E)mo T dz [p,,a + pi(1-a) (5)

Equations (3)-(5) are valid only with a few assumptions.
First, the cross-section of the flow has the same area along the
flow direction; second, the velocities of liquid and vapor phases
may be different, but within each phase the velocity is uniform;
third, both two phases are in local thermodynamic equilibrium.
All pressure drop (force) contributors have their explicit forms
for evaluation except that for the frictional force. The reason is
that there is no accurate theoretical model for frictional pressure
gradient, however there are numerous correlation models. The
merit about this numerical model is that the users can choose
different correlation models for frictional pressure gradient or
even incorporate their own. The correlation used in this paper
is Lockhart-Martinelli [26], which is described by means of the
following equations.

Py _p2 (R
(&), =9t (Z), ©
where
dP\ _  2f162(1-x)?
(E)l - p1D (7)
where the liquid friction factor f; has the following form:
_ G(1-x)D\™
fi=a(*22) ()

in which a and n will take different values for different flow
regimes. For laminar flows, a = 16,n = 1; for turbulent flows,
a =0.079,n = 0.25. In Eq. (6), ¢? is the multiplier that has
the following form:

c 1
Xee  Xf

of =1+ €



Where C is determined by the flow regimes of both liquid and
vapor phases, which is listed in the following table.

Table 1. C value for Lockhart-Martinelli model

Liquid Vapor C
Turbulent Turbulent 20
Laminar Turbulent 12
Turbulent Laminar 10
Laminar Laminar 5

In Eq. (9), X;; is the Martinelli parameter that is calculated
in the following equation:

X“ _ (1;;)0.9 (%)0.5 (Ilj_i)o.l

Node 1 =Inlet Node2 Node3

(10)
Node N+1=Outlet

NodeI Nodel+l +++ NodeN

Segment 1 Segment 2 Segment i Segment N

Fig. 3 Discretization of the flow channel

Using equations (3)-(10), the total pressure gradient can be
calculated. However, in order to calculate the pressure drop, it
is necessary to take the integral of the pressure gradient over the
length of the flow channel. Here, it is chosen to calculate the
numerical integral by discretizing the flow channel into
segments with equal spacing, such as that in Figure 3. The flow
channel is divided into N segments with equal spacing Az, with
e N + 1 nodes, where node 1 is the inlet and node N + 1 is the
outlet. In segment i in Figure 3, for frictional and gravitational
forces, their pressure gradients at two terminal nodes [ and I +
1 are calculated first, as follows.

ap ap
(&), =t (%),
)=t (5)
(dZ fri+1 ¢l'1 az/y1+1
ap

(d_z) - [(1 —a)py + azpw]g sin@

(Z_Iz))g,l+1 - [(1

Then, a simple average is taken between two terminal nodes
in the following equations, which are the pressure gradients in

segment i.
(Z_Z)fr’i - [(Z_Z)frl + dz. fr1+1] /2

(@), =), + @),,.l72

So, the pressure drops due to frictional and gravitational
forces in segment i are

dap dap
(Ap)fr’i a (d_Z)fr,i Az =Rz [(d_Z)fr,I + dz fr, I+1] /2 (15)

(AP),; = (Z_:)g Az = Az [(dz)gl +(% gm] /2 (16)

By doing this on each segment and summing them together,
the pressure drops due to frictional and gravitational forces
along the entire flow channel are

(11

(12)

— )P+ t a1+1Pv,1+1]g * sint

(13)

(14)

g1+1

(AP) s = XY (AP) gy, (17)
(AP)g = lev(AP)g,i (18)

For the third contributor of pressure gradient, the change of
momentum, it could also be calculated like the other two. But
because all internal terms will be canceled out with only the first
and last terms left, the pressure drop due to momentum change
is shown as follows.

_ GZ 2 2(1—)6')2 _ ﬂ GZ(l_x)Z
(BP)mo = [pva pi(1-a) ]out [pua + p-a) 1, (19)
As a result, the total pressure along the flow channel is
—(AP) ot = (AP)fr + (Ap)g + (AP) o (20)

It is worth noting that all variables are changing along the
flow direction. Therefore, those variables have to be calculated
at each node of the discretized flow channel separately. Among
those variables, the vapor quality x dramatically affects the
pressure drop. Therefore, it is necessary to identify the
impactors that would change x and then calculate x at each
node. Primarily there are two impactors: external heat and
pressure. However, since external heat has greater impact on
the change of x than pressure, it is assumed in this paper that
external heat is the only contributor to x along the flow
direction. Therefore, in order to calculate the total pressure
drop, it is required to calculate the profile of vapor quality along
the flow channel with known external heat profile. In Figure 3
again, the external heat profile, which is defined by the user,
identifies the heat flux at each node. So, taking segment i for
example, the heat flux is given by

hf; = [hfi + hfi41]/2 (e2y)

By using the energy conservation within segment i and the
known conditions at node I, the vapor quality at node I + 1 can
be calculated. By doing this sequentially from left to right for
each segment, the vapor quality at each node can be determined.
It is worth noting that the calculation for the last segment will
generate the vapor quality at the outlet x,,,. However, this
value is only used to calculate the pressure drop in the last
segment. And the real x,,; is obtained using h,y;, Pyyr and
equations of state. It can be easily concluded that, for a special
case, in which the external heat is zero, the vapor quality does
not change along the flow direction. However, x,,; may be
different from Xx;, due to change in state of the coolant from
inlet to outlet.

SYSTEM MODEL AND KEY COMPONENTS

The actual system may vary in terms of the type and number
of components in the system. Some component may be
necessary in one system but absent in another. So, in this
section, we will discuss components that are necessary in most
system configurations.

Pump

The pump P-V curve can give the pressure head, a positive
AP, under different flow rate. This is then used in Eq. (2) to
calculate the pressure at outlet. Lastly, the equations of state
are then used to calculate the temperature and vapor quality at
the outlet of the pump.



Pipe

First, it should be determined that how much heat the pipe
is exchanging with the environment, which is typically very
small. Secondly, a profile for the heat exchange along the pipe
is assumed. Commonly, a uniform profile is assumed. Lastly,
the full functionality described in sections III and IV above are
used to calculate P,,;, Tpyr and x,,: of the pipe.

Condenser

The condenser model is a half full physical model, in which
the split is taken at the heat transfer between the refrigerant
coolant and ambient environment. The temperature of the
ambient environment is assumed as a constant value. The heat
would be simply rejected into ambient environment. Therefore,
the condenser is simplified as a special pipe for this study.

Reservoir

The reservoir plays an import role in the system with several
functionalities. First, it dampens the oscillation of the flow and
therefore stabilizes the system. Second, it always provides
subcooled flow at its outlet by creating a liquid column within
its container. Since the reservoir introduces some discontinuity
between its inlet and outlet, its numerical model is slightly
different from others. First, the pressure at its outlet is
calculated with the following equation

Pout =3P + 3P + APy, (22)
where P, is the static pressure inside of the reservoir and APy is
the pressure head due to the liquid column.

It is assumed that the fluid inside of the reservoir is always
saturated and thus, P. is equal to its saturation pressure. Then,
if the corresponding saturation temperature is known, P, can be
obtained using the coolant’s saturation properties. It is assumed
that the temperature inside of the reservoir is equally influenced
by the ambient temperature and the temperature of the reservoir
inlet given by;

1

1
T, = ETamb + ETin

(23)

The pressure head due to liquid column is computed with
the following equation.

AP = p,gH (24)

where the height of the liquid column H is known and should
be a constant value for steady-state model.

Once the outlet pressure is available, equations of state are
used to calculate T,,; and x,y;-

Testing Section / Micro-evaporator

The test section is a micro-evaporator where the most
complicated physics occurs. The refrigerant evaporates and
cools down the electronic device (e.g. CPU). The reason why it
is complicated is because the geometry of the flow passages are
micron scale and include complex geometries such as pin fin
arrays. Solving the conservation equations is very
computationally expensive [27]. Although, recent studies have
demonstrated reduced order models [28-29] to evaluate heat
transfer and pressure drop in micro-channels based micro-
evaporators, the models are currently not applicable to the test-
section studied here. For the present study, it was chosen to

build a correlation between pressure drop and flowrate and heat
generation with experiments. As a result, the pressure drop can
be interpolated at each given flow rate and heat generation from
the device under test. Once P,,; and h,,; are known, T,,; and
Xoue can be calculated using the equations of state.

The System

Once each component model is complete, the system model
can be built by connecting each component model according to
the system configuration. The steady-state solution is achieved
iteratively. First the values for p, T and x at the inlet or outlet
of a given component is assumed. Next, the computation on
components one by one along the flow direction is carried out.
Once the full circle is reached, the new values of p, T and x are
compared to the values from the previous iteration. If the
differences are within a defined tolerance, the solution has
converged; otherwise, iteration continues.

TEST RESULTS AND DISCUSSIONS

The system model was validated by comparing its
simulation results with those from an experimental setup that
was built to measure local temperature in radial microchannels
with pin arrays in a previous study [19, 30]. A schematic of this
setup is shown in Figure 4. This setup is a closed loop flow
system, which comprises a micro test device referred to as
thermal test vehicle (TTV), a reservoir, a condenser, a magnetic
drive gear pump and a Coriolis mass flowmeter. The thermal
test vehicle sits on a test board, which provides all electrical and
signal connections. Pressures in the loop were monitored by
three pressure transducers with 0.25% accuracy. To measure
the fluid inlet and outlet temperatures, K-type thermocouples
(TCs) were attached onto the inlet and outlet tubing, very close
to the test vehicle. These tubing mounted TCs showed a
temperature difference of up to 0.3 °C relative to immersed T-
type TCs. Those K-type TCs shall have a combined accuracy
better than 0.6 °C.

Condenser

Pump Reservoir

-

L

—_
Test sectlonI

Pressure

Transducer 1
Thermo-
couples

Fig. 4. The system diagram of the test setup (Blue and red
wires represent flow tubing)
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Fig. 5 (a) Pressure as a function of heat input in the test
vehicle (dots are experimental data and lines are modeling

results). (b) The percentage errors of pressures. Flow rate is 15
kg/hr.

The temperature of the condenser was controlled by a
recirculating chiller set at 18 °C. This is the temperature of the
liquid on the chiller side. The refrigerant temperature at the
condenser outlet (system-side) is tightly coupled to the chiller
temperature and is usually 1 — 2 °C higher due to the thermal
resistance across the condenser coils. In this study, to simulate
a cooling system with the highest coefficient of performance
(COP), the inlet sub-cooling was not controlled as the pre-
heater that could be used for such control would consume extra
energy. The total mass flow rate was actively controlled by a
PID (proportional-integral-derivative) algorithm driving the
pump to maintain a constant flow rate using the mass-flow
meter’s measurement.

In addition, the heat exchanges of all subcomponents except
the test section and condenser are included. Numerically
speaking, in Eq. (1), the delta h of each of those subcomponent
is the heat exchange with the environment. A/ is calculated with
the Newton’s cooling equation, where the temperature
difference is computed with an assumed constant environment
temperature, the heat transfer coefficient is assumed to be
10W/m?>K for natural convection.

The test results were compared with the system model of the
actual test system. The results are plotted as functions of heat
input in the test vehicle, which mimics the heat generation in a
micro-processer. First, the pressures at the outlets of pump and

flowmeter were compared and are summarized in Figure 5. As
shown the system model could predict pressures in the system
with good accuracy. The errors were observed to be within a
range of 9 — 12 kPa. The majority of the errors can be attributed
to the correlations used for the pump and the test vehicle
pressure drops. Second, refrigerant temperatures before and
after the test-section were also measured and compared to the
simulation results as shown in Figure 6. The figure shows that
the simulation model results are in good agreement with the
experimental results within 0.25 °C, which is within the
measurement errors of the TCs.
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Fig. 6 (a) Fluid temperature as a function of heat input in the
test vehicle (dots are experimental data and lines are modeling
results). (b) The percentage errors of fluid temperatures. Flow
rate is 15 kg/hr.

CONCLUSIONS

A system model for general two-phase cooling systems has
been developed. Its physical models, assumptions and
numerical methods have been summarized in detail. The system
model was validated with an experimental two phase cooling
system under different heat loading of a thermal test vehicle.
The model described in this paper was able to predict the
pressures and temperatures at any location in the system.

In addition, the model is not designed for a specific system,
but could be customized for any pumped two-phase cooling
system. Therefore, it can be utilized as a platform to study
existing systems or design new systems with reliable prediction.
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