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Major Goals 

Phase-change in microchannel evaporators can dissipate significantly higher heat fluxes than 
conventional evaporators. However, microchannel evaporators are prone to flow instabilities 
such as pressure drop oscillation and flow maldistribution, which can fail the cooling system. 
Prior studies to understand flow instabilities have been limited to simple open systems, which 
has limited scope since microchannel evaporators in real applications are part of a closed 
cycle, and the cooling demands can vary drastically. Hence, the overall goal of this project 
is to gain a fundamental understanding of the flow instabilities in closed cycles and develop 
a control strategy to leverage microchannel evaporators. 

Accomplished 

This project focuses on the analysis of pressure drop oscillation and flow maldistribution 
occurring in micro channel-integrated vapor compression and pumped liquid cycles. Both 
systems consist of a condenser, expansion valve, accumulator and a compressor or pump for 
circulating the refrigerant. Analysis has been conducted using both computational modeling 
and experiments. The computational analysis uses a combination of lumped dynamic and 
static models for the individual components to predict the occurrence of flow instabilities 
for a given operating condition. The experimentally validated models are then used to 
investigate the role of various system parameters in the overall cooling performance. For both 
vapor compression and pumped liquid cycles, fluid flow and heat transfer was characterized 
via experiments and computational modeling. The effect of various system parameters on 
stability has also been investigated. In both cycles, pressure drop oscillations were observed 
under certain combinations of system parameters. Our study indicates that varying the 
expansion valve is effective in suppressing flow oscillations in most cases. On the other hand, 
an increase in the evaporator heat load would make the oscillations worse. 

The fundamental insight gained on the operation of vapor compression and pumped 
liquid cycles allowed the development of control strategies for suppressing flow instabilities. 
Several system controllable parameters were utilized to enable a stable operating condition. 
These parameters include the expansion valve setting, the compressor or pump speed, and 
the accumulator heat load. Both feed-forward and feed-back controllers were compared 
to identify a suitable controller design for the closed systems. The dynamically-controlled 
microchannel-integrated systems were shown to avoid flow instability in the presence of 
large transient heat loads. Furthermore, the evaporator could be maintained at the required 
temperature while maximizing the system-level efficiency. We were then able to extend our 
control methodology for single-evaporator systems to handle multiple-evaporator systems 
experiencing asynelironous heat loads. 

This project has also analyzed flow maldistribution accompanying pressure drop oscilla¬ 
tion using computational modeling and experiments. The model predictions indicate that 
the extent of thermal and flow coupling between parallel channels of a microchannel evapora¬ 
tor can affect flow maldistribution. If the evaporator design, material and system operating 
conditions are chosen wisely, the thermal and flow coupling can be enhanced and the uneven 
distribution of flow and heat transfer in different channels can be minimized. Experiments 
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conducted using different evaporators were then able to demonstrate synchronization of chan¬ 
nel performance when the coupling between the channels was improved in the presence of 
pressure drop oscillation. 

Technical Section 

1 Introduction 

MicroChannel cooling involving flow boiling has the potential to be lightweight and compact, 
dissipate high heat fluxes, and maintain relatively uniform and low temperatures in the 
presence of dynamic heat loads [1], which are all essential in naval applications. However, 
flow boiling in microchannels is prone to instabilities, which includes pressure drop oscillation 
and flow maldistribution in the evaporator channels [2-8]. These instabilities can result in 
structural vibration and fatigue, leading to the failure of the cooling mechanism [9], which 
can severely impede the performance of marine applications. 

Pressure drop oscillation is a dynamic instability mechanism, which originate from the 
growing bubbles resulting from evaporation of the refrigerant in the evaporator. Repeated 
bubble growth in the upstream and downstream directions and rupture are known to cause 
the flow oscillations [9,10]. Flow maldistribution across parallel channels is an instability 
that is known to occur with pressure drop oscillation since multiple flow rates can coexist 
for the same preasure drop. These instability mechanisms can lead to dry out and low 
thermal performance [11]. A widely-used passive technique to suppress flow instabilities 
involves the addition of inlet restrictors and re-entrant cavities in the microchannels [12-16]. 
However, this approach can increase the pressure drop and pumping power requirements 
of the cooling system, making it inefficient. Further, the approach does not address the 
challenge posed by dynamic heat loads. In general, prior experimental studies have focused 
mainly on the influence of few system parameters on the flow instabilities. Numerical studies 
have mainly focused on open systems by considering heat transfer to the evaporator and a 
surge tank to simulate the effect of compressibility in the system [14,17-19]. With the lack of 
comprehensive studies involving closed systems, it was not clear how system components, like 
the accumulator, compressor, and valves, affect the flow characteristics and the performance 
of the cooling system. 

This project has conducted a holistic study of microchannel cooling systems, with an 
emphasis on the mitigation of flow instabilities and the dynamic control of the system per¬ 
formance in the presence of transient heat loads. Results from this project has enhanced our 
ability to handle multiple evaporators experiencing asynchronous transient heat loads. The 
main accomplishments of this project and the corresponding journal publications are listed 
below: 

1. The development of generalized computational models to predict the transient perfor¬ 
mance of microchannel systems, which include pumped liquid and vapor compression 
cycles, under different operating conditions [20,21], 

2. The development of dynamic control strategies to mitigate pressure drop instability, 
maximize the heat transfer performance and system efficiency, and handle transient 
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heat loads successfully [22], 

3. The development of modeling and control strategies to synchronize temperature and 
flow in an averaged sense for heat exchangers with multiple parallel microchannels 
[23,24], 

4, The development of estimation and control strategies for unanticipated heat loads [25], 

2 Computational Modeling of Fluid Flow and Heat 
Transfer 

In general, both finite element and lumped modeling approaches have been utilized in the 
analysis and performance optimization [3,9,20,26,27] of microchannel cooling systems. The 
finite element models show better accuracy in the prediction of system performance, while 
the spatially-lumped dynamic models are computationally efficient and beneficial for devel¬ 
oping control designs. Additionally, since microchannel evaporators are often operated with 
sub cooled liquid at the inlet and two-phase flow at the outlet, a region of the evaporator is 
occupied by the liquid phase only, while the rest occupied by both liquid and vapor phases 
(Fig. 1). This distribution of phases in the evaporator is often analyzed as a two-zone lumped 
model, although some numerical studies have neglected the contribution of the single-phase 
region to analyze the evaporator as a one-zone lumped model. In order to quantify the error 
in the prediction of the flow and heat transfer using the lumped-models, we compared it 
with the corresponding finite element model. 

Fig. 1(a) shows the one-zone evaporator model with the two-phase flow at inlet and 
outlet. Fig. 1(6) shows the two-zone evaporator model with single-phase at the inlet and 
two-phase flow at the outlet. In both models, the inlet mass flow rate m;, inlet density pt and 
exit pressure Pa are held fixed, and a uniform heat flux q is applied to the evaporator. In 
the simulation, we consider a forty-two channel evaporator with the following dimensions for 
both fluid channels and walls: Width x Depth x Length = 250 /rm x 500 pm x 21.2 mm, 
as shown in Fig. 1(c). In this case, R134a is used as the refrigerant. 

Two phase 

(b) (C) 

Figure 1: (a) One-zone evaporator model; (b) Two-zone evaporator model; (c) Evaporator 
design 
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2.1 Lumped One-zone Model vs. Finite Element Analysis 

Fig. 2 shows the prediction of the evaporator performance using the finite element model. 
Along the evaporator length, the pressure decreases, which corresponds to a lower saturation 
temperature. Hence, even with evaporator heating, the wall temperature decreases along the 
evaporator length due to the decrease in the refrigerant temperature. The two-phase heat 
transfer coefficient (Fig. 2(e)) and pressure gradient (Fig. 2(f)) increase with the vapor 
quality (Fig. 2(d)), and an increase in the evaporator heat load generally causes a rise in the 
overall pressure drop and the wall temperature. 

Figure 2: Spatial distributions of (a) density; (b) pressure; (c) wall temperature; (d) qual¬ 
ity; (e) heat transfer coefficient; (f) pressure gradient for one-zone finite element model at 
different heat loads 

Evaporator tieat Q [W) Evaporator heat Q [WJ Evaporator hsat Q [W] Evaporator heat O |W) 

la) lb) (0) (d) 

Evaporator treat Q |W] Evaporator heat Q [W] Evaporator heat Q [W] Evaporator heat Q [W] 

0) (0 (9) (h) 

Figure 3: Errors of (a) density; (b) pressure; (c) wall temperature; (d) refrigerant temper¬ 
ature; (e) quality; (f) heat transfer coefficient; (g) pressure gradient; (h) pressure drop for 
one-zone lumped model at different heat loads 

The non-linearity of the heat transfer coefficient and the pressure gradient is expected 
to affect the accuracy of the lumped one-zone models, especially at higher heat loads. In 
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this regard, Fig. 3 quantifies the error in the prediction of the lumped model relative to 
the line-averaged values of the corresponding parameters obtained from the finite element 
model for different evaporator heat loads. Flow parameters such as refrigerant density, heat 
transfer coefficient, and pressure drop are highly nonlinear and sensitive to the heat load. In 
general, we found the errors from the lumped model to increase with heat loads due to higher 
non-linearity at larger vapor qualities. In summary, the lumped model is more accurate for 
smaller pressure drops and heat loads {or lower vapor qualities). 

2.2 Lumped Two-zone Model vs. Finite Element Analysis 

Fig. 4 shows the predicted flow parameters along the length of the evaporator using the finite 
element model. The dots in the figures indicate the location of saturated liquid where vapor 

Figure 4: Spatial distributions of (a) density; (b) pressure; (c) wall temperature; (d) quality; 
(e) heat transfer coefficient; (f) pressure drop gradient of two-zone finite element model at 
different heat loads 

quality is zero. As the heat load increases, the single-phase region shrinks in size. The model 
indicates that the changes in the flow parameters in the single-phase region are less drastic 
than the two-phase region of the evaporator due to smaller pressure drops and less sensitivity 
of fluid properties to the changes in the pressure and temperature. In the two-phase region 
of the evaporator, the pressure and density profiles show larger non-linearity, which becomes 
more severe at higher heat loads. Fig. 5 shows the error in the flow predictions using the 
lumped model relative to the corresponding finite element model at various heat loads. In 
general, when the exit quality is less than 0.5, the errors in the prediction of the pressure 
drop and wall temperature are within 15%. 

3 Performance Prediction and Dynamic Control 

Fig. 6(a) shows the vapor compression cycle (VCC) considered in this project. The cycle 
operates by compressing saturated refrigerant (R134a) vapor from the accumulator to a 
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Figure 5: Single-phase (SP) and two-phase (TP) errors of (a) Single-phase length: (b) Den¬ 
sity; (c) Pressure; (d) Pressure gradient; (e) Wall temperature; (f) Heat transfer coefficient; 
(g) Two-phase quality; (h) Total pressure drop for two-zone lumped model at different heat 
loads 

higher pressure and temperature using the compressor. The refrigerant then flows through 
the condenser to dissipate heat to an external coolant maintained at room temperature. 
After exiting the condenser as liquid at room temperature, the refrigerant flows through an 

Figure 6: (a) Schematic diagram of the VCC system; (b) Design of microchannel evaporator 

electronic expansion valve to exit at low pressure and temperature. The refrigerant then 
enters the evaporator to absorb heat. The refrigerant exits the evaporator as liquid-vapor 
mixture, which enters the accumulator to close the refrigeration cycle. The evaporator used 
in this project has forty-two microchannels with the following dimensions for both fluid 
channels and walls: Width x Depth x Length = 250 pm x 500 pm x 21.2 mm, as shown 
in Fig 6(5). For this system, the controllable parameters are the valve opening (Av from 5 
to 100 %), the accumulator heat load (<2n from 0 to 800 W) and compressor speed (w from 
20 to 70 Hz). The evaporator heat load is a system disturbance, which can vary from 0 to 
900 W. 

In this study, the microchannel pressure drop, APai obtained from experiments, is pro¬ 
vided as a third order polynomial function of the refrigerant flow rate and evaporator heat 
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load, as shown in Fig. 7(a). The heat, transfer coefficient, He, is interpolated based on ex¬ 
perimental data [28], as shown in Fig. 7(6), where Hf, is given as a function of the evaporator 
heat load, Q,, and the exit quality, xeo. 

Figure 7: (a) Channel pressure drop vs evaporator mass flow rate and heat load (b) Heat 
transfer coefficient vs evaporator exit quality and heat load 

3.1 Dynamic Control of the VCC Operation 

In order to design a controller, optimum operating conditions are first determined using the 
spatially-lumped two-zone computational model. Optimum operating conditions correspond 
to those system parameters that provide stable operation, satisfy the required evaporator 
wall temperature, avoid the critical heat flux and maximize the system-level COR Using the 
optimum operating conditions, feedback controller can be designed using MatLab’s control 
system toolbox. Although it is possible to use any system parameter (e.g., temperature, 
pressure, mass flow rate) as the control output, we use the evaporator wall temperature, 
Twe, since it is usually the parameter of interest for thermal management of electronics. 

For the VCC used in this project, the optimum operating condition when Qe =250 W 
is Av =10 %, uj =6 Hz, and Qa —370 W. As increases from 250 to 300 to 400 W, 
the system becomes unstable, and the evaporator wall temperature can potentially exceed 
the safe operational range (Fig. 8(6)). In this case, a gain-scheduling controller design can 
be used, which involves selecting the suitable optimum operating conditions and controller 
parameters based on the evaporator heat load [29]. To demonstrate gain scheduling, we use 
feedforward control for Av and feedback control for w and Qa. Fig. 8(c) shows the system 
response to significant changes in Qc. Hence, gain-scheduling control design avoids flow 
instability while maintaining the wall temperatures at the desired values, and operating the 
system around the optimum conditions despite large changes in Qe. 

4 Dynamic Control of Multi-evaporator Cooling Sys¬ 
tem 

The understanding gained from performance control of single-evaporator systems wras ex¬ 
tended to the control of the cooling performance of two-evaporator systems. In this case, 
we considered a pumped liquid cycle consisting of a pump, a condenser, and two valves 
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Figure 8: (a) Control diagram; (b) System response without controller; (c) System response 
with controllers 

apart from the evaporators (Fig. 9). Following a procedure similar to the vapor compres¬ 
sion cycle, we analyzed the system performance of a pumped liquid cycle under different 
conditions and heat loads. Optimum operating conditions were then selected to obtain the 
desired evaporator temperatures, flow conditions to avoid the critical heat flux (CHF), high 
system efficiency, and robust control. Subsequently, feedforward and feedback controls were 
designed to ensure system operation close to the chosen optimum conditions, even in the 
presence of unsynchronized transient heat loads. 

4.1 Physical System 

Fig. 9(a) illustrates the pumped liquid cycle analyzed in this study. In this system, subcooled 
refrigerant (R134a), pumped from the condenser, enters the flow control valves at high 
pressure. The refrigerant streams exit the valves at low pressure to enter the evaporators. 
As the refrigerant flows through the evaporators, it absorbs heat and exits as a liquid- 
vapor mixture. Then the refrigerant enters the condenser to release heat to an external 
coolant maintained at a fixed low temperature. This study considers an evaporator which 
has fifty-three channels with the following dimensions for fluid channels: Width x Depth x 
Length = 231 x 713 fxm x 25.3 mm, and a wall thickness between channels of 231 /mi, 
as illustrated in Fig. 9(6). 

For two-phase region, experimental data [4] is used to obtain the average pressure gradi¬ 
ent, as shown in Fig. 10(a). The two-phase heat transfer coefficient, Htp based on experimen¬ 
tal data [4], is interpolated as a function of the evaporator head flux, </”, and the evaporator 
exit quality, xeo, as shown in Fig. 10(6). The control strategy to maintain uniform evaporator 
temperatures considers x^t = 0.45 as the critical exit quality to ensure safe operation. 

4.2 Dynamic Control of the Two-Evaporator System 

For different evaporator heat loads, the computational model generates a system operation 
map for various combinations of the pump speed (u) and the valve settings A^). The 
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Valve 1 Evaporator 1 

Figure 9: (a) Schematic diagram of the pumped liquid cycle; (b) Evaporator design 

Mass flow rate [Kg/s] 

(a) 
Exit quality 

(b) 

Figure 10: (a) Channel pressure gradient vs. evaporator mass flow rate (b) Heat transfer 
coefficient vs. evaporator exit quality 
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selection of optimum operating conditions involves choosing the pump speed (u) to achieve 
the desired evaporator temperatures, high COP, and an exit vapor quality to avoid the CHF. 
Also, the valve settings are chosen to ensure high efficiency and robust control of COP in 
the presence of transient heat loads. Dynamic control of the system operation is enabled by 
linearizing the system around the optimum operating conditions for various heat fluxes and 
tuning the control parameters to obtain the required response time and control robustness. 
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Figure 11: (a) System response without a controller; (b) System response with the controllers 

Fig. 11(a) shows the system response without the use of a controller for large variations 
in the evaporator heat fluxes. With the evaporators experiencing dissimilar heat fluxes, the 
resulting wall temperatures are significantly different. In addition, the evaporator tempera¬ 
tures can be undesirably high with exit qualities exceeding the critical value (xcru = 0.45). 
This poses a significant risk of dryout and failure of the cooling mechanism. Fig. 11(6) shows 
the system response using a PI (proportional-integral) control for valve settings At.t and Av2, 
and the pump speed w. In this case, active control maintains the wall temperatures at the 
desired value even when the two evaporators are experiencing significantly different transient 
heat fluxes. 

5 Demonstration of Performance Control and Model 
Validation 

5.1 Performance of a Vapor Compression Cycle 

Fig. 12 shows the experimental test-bed of the VCC system used in this project with re¬ 
frigerant R134a. A cartridge heater is inserted in the accumulator to supply heat to the 
refrigerant directly which is wired to a BK Precision 1902 DC power supply with a max¬ 
imum heating power of 900 W. A Danfoss Maneurop MTZ 18-3 reciprocating compressor 
with a nominal cooling capacity of 2904 W is used in this testbed. A SER-AA electronic ex¬ 
pansion valve is controlled with an Intelligent Motion Systems IM483 stepper motor driver. 
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The condenser is a C-4AG brazed-plate heat exchanger with the coolant pumped using a 
CFT-150 chiller [29,30], Using the test-bed described above, we first tested a microchannel 

Figure 12: Vapor compression cycle test bed 

evaporator with forty-two channels, with the following dimensions for both fluid channels 
and walls: Width x Depth x Length = 250 /im x 500 /mi x 21.2 mm. For the range of 
operating conditions supported by this test-bed, pressure drop oscillation was not observed. 
Fig. 13 shows the characterization of the channel pressure drop and heat transfer coefficient 
for different heat loads. Clearly, our results indicate the absence of a negative slope region 
in the characterization of pressure drop. We found this to be a practical limitation of the 
current setup, which prevented the use of lower mass flow rates to observe flow oscillations. 

With the use of a different evaporator with relatively larger dimensions, we were able 

,200 
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3 160 
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O0'J Mass flow rate [kg/s] 
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Figure 13: (a) Channel pressure drop; (b) Heat transfer coefficient 

to demonstrate pressure drop oscillation. In this design, the evaporator consisted of seven 
channels with the following dimensions for both fluid channels and walls: Width x Depth 
x Length = 1 mm xl mm xlO mm. Fig. 14 shows the system stability map obtained 
experimentally for different accumulator heat loads and valve settings when the evaporator 
heat load was 130 W. In general, although we found a smaller valve opening to suppress 
oscillation, under some conditions this may not occur. For instance, when Qa =150 W, 
oscillation occurs when the valve opening decreases from 90 % to 80 %. The oscillation takes 
place due to the reduction of mass flow rate and the characteristic pressure drop consisting 
of a negative slope region. This phenomenon was also observed in the pumped liquid cycle 
experiments, as shown later. 

12 



Figure 14: System stability under various combination of valve settings and accumulator 
heat load at Qe = 130 W (Solid dot: Stable; Hollowed dot: Unstable) 

Stability maps, like Fig. 14, can be generated under different evaporator heat load Qe, 
which could serve as the guideline to develop a control strategy. For example, Fig. 15 shows 
the system response for different heat loads with and without the use of a controller. In this 
case, the experiments demonstrate our capability to address variations in the evaporator 
heat load and avoiding the pressure drop oscillation by using feedforward control. 

* [s! I [s] t Is] t [S] t [s] t [s] 
(a) (b) 

Figure 15: (a) System response without control; (b) System response with proportional valve 
control 

5.2 Performance of a Pumped Liquid Cycle 

Fig. 16(a) shows the pumped liquid cycle testbed used in this study. For simplicity, we tested 
an evaporator constructed using a stainless steel capillary tube with an internal diameter, 
.D = 1.5 mm, and length, L = 90 mm. Fig. 16 (6) shows the pressure drop in the evaporator 
for different heat loads. In this case, a negative slope region was obtained, indicating the 
possibility of pressure drop oscillation at the system level. Fig. 16 (c) shows the heat transfer 
coefficient of the evaporator under different heat loads. 

Computational modeling of the pumped liquid cycle, as conducted for the vapor compres¬ 
sion cycle, indicates that several parameters, including the expansion valve setting, pump 
speed, and the evaporator heat load, can affect the characteristics of pressure drop oscil¬ 
lation. This was also demonstrated experimentally. For example, Fig. 17(a) shows how 
we altered system stability by changing the valve setting for a fixed evaporator heat load, 
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(e) 

Figure 16: (a) Pumped liquid cycle test bed; (b) Channel pressure drop; (c) Heat transfer 
coefficient 

Qt = 300 W and pump speed, w = 26 Hz, in the test-bed shown above. A smaller valve 
opening changes the demand pressure drop curve and thus stabilizes the system, which was 
also predicted by the computational model developed in this project. Similarly, the model 
also indicates that an increase in the evaporator heat load can affect the demand pressure 
drop, which can make the pressure drop oscillations more severe. Fig. 17(6) shows that the 
oscillations do become more severe with increasing evaporator heat load. 

Figure 17: (a) Valve opening impact on oscillation at Qe — 300 W, w = 26 Hz: (b) Evaporator 
heat impact on oscillation at w = 26 Hz, Av — 100% 

5.3 Comparison of Model Predictions and Experiments 

Fig. 18 shows the experimental characterization of pressure drop in the pumped liquid cy¬ 
cle (Fig. 16) for single phase and two-phase flow. Also shown Eire the polynomial curves 
fitted to the experimental results for developing the lumped two-zone dynamic model. Solv¬ 
ing the equations governing the system response, we compared the model predictions with 
experiments under different conditions. For example, Fig. 19 shows the comparison for an 
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evaporator heat load of Qe = 300 W, indicating a good match. The experimentally validated 
model allows the design of a reliable control strategy to maintain safe operating conditions 
and avoid flow instability, as described earlier. 

Figure 18: (a) Single-phase; (b) Two-phase pressure gradient fit 

(a) (b) 

Figure 19: Experiment and simulation comparison (a) Channel pressure drop; (b) Demand 
pressure drop at Qe = 300 W 

6 Flow Maldistribution in Parallel Channels 

Although microchannel evaporators are capable of removing large heat fluxes, flow mald¬ 
istribution in the parallel channels of the evaporator can cause a considerable variation in 
the cooling performance of each channel. Such variations in performance are undesirable 
and present a significant challenge to implement this strategy effectively. In this project, we 
analyzed flow boiling in parallel channels to address the challenge posed by flow maldistri¬ 
bution. 

6.1 Modeling Flow Maldistribution 

For computational modeling of flow maldistribution, we considered a water-based two-phase 
system (Fig. 20) consisting of a partially-filled tank, a flow control valve, and two parallel 
channels [9,27,31,32]. The model considers channels with a hydraulic diameter, Z) = 1.5 
mm and length, L = 85 cm. Since the two channels have a common inlet and outlet, they 
are automatically flow-coupled. In other words, a pressure disturbance in one channel can 
affect the flow in the other channel. Analogous to flow-coupling, thermal-coupling can take 
place when the two channels can exchange heat. In this case, a temperature disturbance in 
one channel can affect the heat transfer in the other channel. For the two parallel channels 
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considered in this study, Fig. 21(a) shows the pressure drop, APy, as a function of flow rate 
and heat load, and Fig, 21(6) shows the heat transfer coefficient, as a function of exit 
quality and heat load. 

Gas in tank 

Figure 20: Schematic diagram of a two-channel evaporator system 

The extent of flow coupling between the two channels is considered in the momentum 
balance as [33]: 

= " AP*1 - - APM» (!) 

where i. j — 1, 2 and i ^ j. Here, me is the average flow rate, Pei and Peo are the inlet and 
outlet pressures, and Le are the channel cross-section area and length, respectively. Up 
is the coefficient denoting the extent of flow coupling between the channels, which depends 
on the flow conditions and the geometry of the channels. 

Figure 21: (a) Pressure drop in each channel as a function of mass flow rate and a given heat 
load, (b) Average heat transfer coefficient as a function of vapor quality at evaporator exit. 

Similarly, by considering the thermal coupling between channels, the energy balance for 
the channel walls is given by [29,34]: 

rIT U -L i 

(perV)^^ - -rM) + «%^(rW-7£), i - 1,2J = 2,1 (2) 
dt ^tc 

where Qe is channel heat load. ktc = 220 W/mK, ttc = 1.5 mm and At(, = Le x Dh = 
85 cm x 1.5 mm are the thermal conductivity, wall thickness and area for interchannel heat 
transfer between thermally coupled channels, respectively. Ut is the coupling coefficient 
denoting the extent of thermal coupling between the channels, which also depends on the 
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channel geometry and flow conditions. The system performance can be predicted by solving 
the governing equations for different fluid and thermal coupling coefficients. 

Fig. 22 shows the wall temperatures for the two channels (Til1!, T^l) experiencing the same 

heat load of = 130 W. In the presence of flow oscillations due to pressure drop 
instability, the lack of both flow and thermal coupling gives rise to a significant difference in 
the wall temperatures due to flow maldistribution. However, either flow or thermal coupling 
between the two channels allows them to perform equally well, resulting in a matching 
temperature response, as shown in Fig. 22(6) and (c). In summary, the computational 
model indicates that maldistribution effects in parallel channels can be mitigated if they are 
coupled strongly via heat transfer or fluid flow. We tested this hypothesis in experiments as 
well, as discussed below. 

t is] t [s] t [s] 

(a) (t>) (c) 

Figure 22: Temperature of the parallel channels with coupling coefficients as: (a) Ut = 
0, Up = 0; (b) Ut = 44, Up = 0; (c) Ut = 0, f7p = 0.3. 

6.2 Experimental Demonstration of Flow Synchronization 

Fig. 23(a) shows the schematic diagram of the water-based pumped loop system used to 
study flow maldistribution. In this system, coolant (water) from the secondary condenser 
is pumped to a higher pressure, causing flow through the valve and the evaporator. As 
it enters the evaporator, the flow is split into two channels. The coolant absorbs heat as 
it flows across the channels, and exits as a liquid-vapor mixture. The fluid then enters 
the condenser, where it condenses by rejecting heat to the chiller, and then flows into the 
accumulator, which is maintained at a constant temperature. The system incorporates an 
evaporator with thermally-coupled channels constructed in an aluminum block with the 
following dimensions: Width x Depth x Length = 1 mm x 0.5 mm x 100 mm. The wall 
between the channels is 4 mm thick. A single centrally-placed cartridge heater is used to 
provide heat to both channels, as illustrated in Fig. 23(6). A thermally-decoupled evaporator 
is also constructed using two stainless steel capillary tubes with the following dimensions: 
Diameter x Length = 1.5 mm x 85 cm. In this case, rope heaters are used to heat the 
channels individually, as shown in Fig. 23(c). 

6.3 Performance of Thermally-Coupled Channels 

Fig. 24 shows the channel pressure drop and coolant outlet temperatures for thermally- 
coupled channels for different heat loads. Also shown is the salination temperature, Tsat at 
the channel outlet, which is calculated based on the local pressure. The uncertainty in the 
pressure drop, saturation temperature, and outlet temperatures are indicated as APMerr, 
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Channel 2 inlet 

Figure 23: (a) Schematic diagram of the pumped loop system; (b) Evaporator design for 
thermally-coupled channels; (c) Evaporator design for thermally-decoupled channels 

Tsaterr, T^tf:rr and T^](er7., respectively. 

t[s] 
(a-1) (b-1) 

l [s] t [s] 
(a-21 (b-2) 

Figure 24: (a) Pressure drop (a-1) and coolant outlet temperatures (a-2) for thermally- 
coupled channels when Qetoi = 110 W and u =30 Hz; (b) Pressure drop (b-1) and coolant 
outlet temperatures (b-2) for thermally-coupled channels when Qe.tot — 175 W and cj =30 
Hz. 

When the channels receive a small heat load (Q^ + Q?' — 110 W), the system is sta¬ 
ble. Consequently, there are no oscillations in the channel pressure drop and temperature 
(Fig. 24(a-l) and (a-2)). However, spatial non-uniformity in temperature can still pose 
challenges, like the risk of dryout, due to flow maldistribution. In this case, the outlet tem¬ 
peratures indicate that the flow in one of the channels is two-phase while the other is single 
phase (Fig. 24(a-2)). With stable operating conditions, the difference in temperature can 
become much larger for higher heat loads or lower flow rates, which is clearly undesirable for 
cooling applications that require temperature uniformity. On the other hand, as predicted 
by the computational model, flow' oscillations in the presence of thermal and flow coupling 
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can cause temperature synchronization. Experimentally, this takes place when the evapora¬ 
tor heat load is large enough {Qelot = 175 W) to cause pressure drop instability resulting in 
flow oscillations, as shown in Fig, 24 (b-l) and (b-2). Flow oscillations cause the channel 
pressure drop to vary between 5 kPa and 12 kPa. While the channel outlet temperatures 
oscillate with an amplitude of 0.5 °C, they are well synchronized. 

6.4 Performance of Thermally-Decoupled Channels 

Fig. 25 shows the channel pressure drop, saturation temperature and coolant outlet tem¬ 
peratures for thermally-decoupled channels (Fig. 23(c)) for different evaporator heat loads. 
Also shown are the corresponding uncertainties in the pressure drop (A.P,v/err), saturation 
temperature (Taaterr), and outlet temperatures (T^jterr and T^jterr). 

£0 o 
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Figure 25: (a) Pressure drop (a-1) and coolant outlet temperatures (a-2) for thermally- 

decoupled channels for =70 W and u =40Hz; (b) Pressure drop (b-l) and 
coolant outlet temperatures (b-2) for thermally-decoupled channels for = Q? =130 W 
and u =40Hz 

When the channel experiences a smaller heat load (Ql1' = = 70 W), the system is 
stable. As a result, there are no oscillations in the channel pressure drop and the outlet 
temperatures (Fig, 25(a-l), (a-2)). However, outlet temperatures of the fluid streams show 

a significant difference. An increase in the channel heat load (Q^ = =130 W) causes 
pressure drop instability, which results in oscillations, as shown in Fig. 25(b-l) and (b- 
2). In this case, even in the absence of thermal coupling between the channels, the outlet 
temperatures of two fluid streams are synchronized due to a strong flow-coupling, as shown 
in Figs. 25. 

The models and experiments indicate that the parallel channels of an evaporator can 
perform equally well if they can be coupled together by flow or heat transfer or both. The 
presence of flow oscillations seems to strengthen the flow coupling between the channels, and 
high thermal conductance between the channels can improve thermal-coupling to further 
mitigate the challenge posed by flow maldistribution. The flow and thermal coupling can 
be improved with careful selection of microchannel geometry and material to construct the 
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evaporator. Furthermore, artificially introduced flow oscillations could also mitigate the 
effects of flow maldistribution. 
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