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Abstract 

The heat transfer requirements in order to regulate operating temperatures in high power electronics 

stems from the technological advancements of miniaturizing systems. Traditional coolant pumps, which 

have moving parts, do not provide cooling solutions in micro-scale due to complex designs. 

Electrohydrodynamic (EHD) conduction pumps can be utilized for micro-scale thermal control. The 

phenomenon of EHD conduction occurs when dissociated electrolyte constituents in a dielectric fluid 

interact with an applied electric field. This allows a net force in the working fluid, which provides a net 

flow in a particular direction. EHD conduction pumps are advantageous in the sense that they are simple 

in design, have no moving parts, require lower power to operate, and is able to be used in microgravity. 

There are previous experiments that prove that effective heat transfer enhancement in single phase can be 

achieved for systems in both macro- and meso- scales. This project offers performance characteristics 

such as pressure and flow rate generation in micro-scale for a single phase flow based on an EHD pump 

consisting of three electrode pairs. These electrode pairs comprise of a flush ring ground electrode and 

two 400 micron perforated high voltage electrodes. The working fluid was chosen to be HCFC-123 that 

operated within an ambient environment. 
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Chapter 1 – Introduction 

1.1 Introduction to EHD Pumping 

Electrohydrodynamics (EHD) studies the interactions between an applied electrical field and 

any resulting fluid flow. In the presence of an electric field, a set of EHD forces resulting from 

the presence of charged elements in the fluid will cause fluid motion. This gives the EHD its 

most valuable application, EHD pumping. The three major types of EHD pumping driven by 

Coulomb Force are conduction, induction, and ion drag, the modifications between which is the 

procedure used to produce charges in the fluid. Conduction has just been of greater interest in 

recent years because it is reliable and simpler than the other types listed. One important use that 

has been previously demonstrated for EHD pumping is to improve heat transfer capabilities [7]. 

A system consisting of the pump and fluid circulation can allow the fluid to carry away heat 

produced from an operating electronic or piece of hardware cooling it down. Other uses involve 

terrestrial applications, in high power electronics cooling, and for aerospace, because EHD 

works in zero gravity [8] and has low mass designs with no moving parts.  



The purpose of this Major Qualifying Project was to take the EHD Pumping concept in mind 

and to take the pump to micro-scale to study the magnified effects on heat transfer. The effects 

will be compared to EHD Pumps run in Meso Scale to understand the improved efficiency [4]. 

To show the effective generation of flow and pressure of the fluid, a complete loop was 

assembled using a complex system of sensors and data acquisition modules. This report 

underlines the entire design, fabrication and testing and provides research to study the improved 

performance of a Micro-scale EHD Pump. The conclusions from this study could be directly 

applied to solve a wide range of fundamental problems in the engineering industry.  

1.2 Overview of EHD pumping 

The EHD phenomena involve the interaction of electric fields and flow fields in a fluid 

medium. Three forces are present in this interaction: Coulomb, Dielectrophoretic, and 

Electrostriction, as shown as three terms respectively in this equation [13]: 

𝐹⃗𝑒 = 𝑞𝐸⃗⃗ −
1

2
𝐸2∇𝜖 + ∇ [𝜌

𝐸2

2
(
𝜕𝜖

𝜕𝜌
)
𝑇
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For an isothermal, incompressible dielectric fluid medium, the Coulomb force is solely 

responsible for flow generation in EHD pumping [3].  

1.3 Types of EHD Pumping 

ION DRAG 



Among the complex phenomena of EHD Pumping, Ion Drag is one of the primary and earliest 

found methods to successfully create fluid flow with net charge distribution. Ion-drag EHD 

pump uses the interaction of an electric field with electric charges, dipoles or particles injected 

from the emitter in a fluid in order to generate a net flow (Fig. 1) [7]  

 Fig.1: Ion-Drag pumping mechanism [7] 

 

 

 

 

Fig 2: Ion Drag Design [7] 

In the Ion Drag design (Fig 2), injection of ions in the working fluid come from the emitter 

using the Corona discharge effect. Free charge will drag the adjacent fluid along electric field 

lines. The primary reason, it is not the preferred method of pumping is because of deterioration 

of the fluid’s electrical properties because of the charges being pumped into it. Electrical 

conductivity in a fluid is a measure of how many charge carriers there are and the relative speed 



of their flow. This is effected in Ion drag pumping. Also that data cannot be very reliable since 

operation may be inconsistent. 

INDUCTION 

The concept of Induction pumping comes from charges induced in a liquid caused by a 

gradient or discontinuity of the electrical conductivity. Often an AC traveling electric wave 

attracts or repels these induced charges which causes the motion in the working fluid. The 

electric wave is controlled by varying voltage and frequency. The rate of heat transfer is directly 

related to the combination of heat flux and voltage. For alternate conditions between heat flux 

and voltage, the frequency determines the heat transfer rate. The disadvantages for this method 

are High power consumption and a Complex Design Structure. So it is not the ideal method in 

running Micro-scale EHD Pumping experiments [10] 

CONDCUTION 

 The interface between electric fields and dissociated ionic charges in dielectric fluids is 

referred to as EHD conduction pumping. In EHD conduction pumping, when an electric field is 

applied to a fluid, dissociation and recombination of electrolytic species produces heterocharge 

layers in the vicinity of electrodes. Attraction between electrodes and heterocharge layers 

induces a fluid motion and a net flow is generated if the electrodes are properly designed [3]. At 

high electric fields, the rate of dissociation exceeds the rate of recombination. A heterocharge 

layer is where the dissociation-recombination reactions is not in equilibrium. Oppositely charged 

ions are attracted to oppositely charged electrodes (ground and high voltage). This exerts a force 

on the fluid for each ionic species (positive and negative). For symmetric electrodes these forces 



will cancel each other out. Net flow is generated when the electrode geometry allows for a net 

force in the desired flow direction. 

 

Fig 3: Molecular Dissociation/Recombination and net flow [4] 

1.4 Applications of EHD Pumping   

There are a number of advantages to EHD conduction pumping with regards to mass 

transport (control and distribution) and effective heat transfer. This allows it to be used in 

multiple applications across various engineering industries. Some the advantages include [2]: 

a) Non-mechanical (no moving parts) 

b) Lightweight 

c) Low noise 

d) Suitable for special environments (e.g. space) 

e) Applicable for single and multiphase flows 

f) Ability to enhance control of fluid using electric fields 

The key advantage to EHD conduction pumping is its flexibility. The EHD conduction 

pumping phenomenon is receptive, i.e. pumping changes almost immediately when changing the 

forced electric field. Most fluids in thermal systems, namely refrigerants, happen to be 

dielectrics, which makes flow distribution and control in thermal systems using EHD conduction 



pumps entirely achievable. Although with all these benefits in hand, the high voltage 

requirement makes EHD pumps dangerous to operate. 

The above following properties have allowed EHD conduction technology to improve the 

heat transport properties of cooling systems that use refrigerants [11]. The Non-mechanical 

system combined with the lightweight property have made EHD conduction pumping an 

attractive technology in space environments since it can work under microgravity conditions [8] 

and other applications (see Fig. 4). EHD conduction pumping can also successfully pump thin 

fluid films, which can be used to pump vapor phases that can be carried by an EHD driven liquid 

phase [12]. As a relatively new field, it is also developing to reach the technology for use in 

autonomous actuation [5]. 

 

Fig 5: Applications of EHD Conduction Pumping  

1.5 Operating Conditions and Goals in EHD Pumping Experiments 

The goal of this project was to characterize the performance of an innovative, micro scale 

EHD conduction pump for heat transfer enhancement in single and two-phase flows. For this 

purpose an experimental setup had to be constructed to test the pressure and flow rate generation 

capabilities of the micro scale pump. The experimental setup was a loop similar to HVAC 



systems [reference], which includes an evaporator section to heat the fluid and a condenser 

section to cool the fluid back to single phase so it can be circulated back into the evaporator.  

To run an experiment involving an EHD conduction pump, the primary variable to take into 

concern, the nominal electric field strength. For EHD conduction to work this field strength 

cannot exceed the dielectric strength of the working fluid (given in volts per some gap in mm), 

but must still be on the order of 10^6 V/m. The nominal field is the voltage supplied to the pump 

times the gap distance between the high voltage and ground electrodes. For a micro scale EHD 

conduction pump, the allowable voltage magnitude is directly related to the gap between the 

electrodes. The electrodes themselves can have many shapes, as illustrated below [12]: 

 

Figure 6: Different Electrode Geometries [12] 

For this project, the allowable range theoretically set to run the high voltage electrode for 

EHD conduction pump was within 700V-1200V. This was decided from a comparison based on 

the ratio of values from the meso scale experiment to study EHD conduction pumping. The 

performance curve to study mass flow rate, differential pressure and heat transfer was all done 

based within the range provided above. The purpose of the experimental setup was to use input 

voltages to the EHD conduction pump and heater to generate flow and control the vapor quality, 



and measure the resulting pressure and flow rate at different voltage and quality levels. Due to 

time constraints, data for single and two phase flow could not be obtained. Therefore this report 

details the design and construction efforts only. 

For any EHD conduction pump in a loop experiment, the primary goal is to use the pump 

to successfully create a complete circulation of the fluid in the loop. This can only be possible by 

creating a sustainable change in pressure between the electrodes in the pump. This pressure gain 

must be higher that the pressure loss due to friction and resistance along the loop. For a micro 

scale pump, the pressure gain is not significant enough. As a result, the pressure loss must be 

kept to a minimal value. For two phase operations, characterization of a successful operation 

with evaporation based on vapor quality is the goal. For both single phase and two phase 

operations, the saturated temperature and saturated pressure control is an essential step to 

calculate. EHD conductions use very small currents so even though they require high voltages, 

the overall power consumption is very low. Fully capturing the performance of the micro-scale 

pump will provide in-depth knowledge of how EHD conduction can control single and two-

phase flows at such a small scale for future studies 

1.6 Microscale EHD Pump 
The experimental study to be performed using the experimental setup detailed in this report 

will observe the central behavior and performance of EHD conduction pumping at the micro 

scale where the single-phase flow and pressure generation of the pump will be characterized. The 

EHD pumping of single phase flow in micro-channel in the presence of heat transfer will also be 

studied and the enhancement of heat transfer due to the EHD conduction pump will be 

quantified. The primary reasons for studying micro scale EHD conduction pumping is that 

thermal conductivity is increased for reduced area. This is because increased ratio between 



surface area and volume, which is achieved by reducing the characteristic size of the flow 

channels: 

 

Along with this, lower voltages can be applied to the EHD conduction pump to achieve the 

required electric field strength. This is possible since the distance between the electrodes in the 

pump is very small. The lower voltage low current used therefore results lower power 

consumption. This creates an ideal technology that can be applied to multiple aspects of the 

engineering industry. The change of scale from meso to micro generates significant pressure and 

flowrates allowing enhanced fluid circulation and heat transfer [3]. Due to specific 

environmental requirement needs for any given engineering system, micro scale pumps 

producing low noise and low vibration makes EHD conduction pumps an attractive piece of 

instrument to be used.  

The micro scale pump design for our experiment consisted of a pump with two high voltage and 

two ground voltage electrodes, with an additional electrode pair downstream with a high voltage 

electrode embedded in an evaporator for phase change. The space between each high voltage and 

ground electrode was 1 mm. The tube that allows the fluid to flow through the pump is 

approximately 1mm in diameter. As shown in Fig. 8, the 3d model of the EHD Pump and 

evaporator is displayed: 



 

Fig 7: 3D Model of Micro-Scale EHD Pump and Evaporator 

The big housing tube on the bottom of this image is exactly 60mm long 

The pump was designed with a simple housing, shown on the bottom in Fig 8.  to hold the 

individual components in it. It was then closed from both ends to ensure the pump will not come 

apart during operation. The wiring for the High Voltage and ground electrodes were separately 

pulled out and connected to a power supply. Fig. 6 shows the actual model of the pump installed 

into the loop. This pump was design in collaboration with the NASA Goddard Space Flight 

Center, and that the pieces were manufactured there and assembled at WPI. 



 

Fig 8: Micro-scale EHD Pump and Evaporator 

The voltage set for the heater was only set to create a pressure differential in the evaporator 

next to the pump to create a higher flow rate and study different flow rate based heat transfer 

only for single phase. To maintain a proper standard for a fluid conditions, a Saturation 

Temperature and Pressure must be set from the reservoir. This provides the exact boiling point of 

the fluid at that corresponding temperature and pressure to carry out single and two phase 

experiments. Other variables include a needle valve in the loop to vary the flow rate in the 

system and multiple ball vales to isolate certain portions of the circulation to study static and 

dynamic pressure values.  

Chapter 2 – Theoretical Calculations 

 Preliminary calculations for the amount of pressure generation and pressure loss 

experienced in a system in both single and two phase flows are significant before designing the 

experimental loop. The pressure generation occurs in the pump and in the evaporator, which are 

both located within an integrated housing. Pressure losses arise at any location where the 



working fluid is flowing. For a two phase experiment, it is necessary to calculate the amount of 

power applied to evaporator for a phase change. In order to achieve subcooling conditions of the 

working fluid, an additional calculation must be made to solve for the length of a condenser.  

2.1 EHD Pump Performance Estimates 

In single phase, theoretical calculations for pressure generation in the test loop rely on 

various parameters. The pressure generation calculation is based on a previous experiment 

conducted in 2004 by Yinshan Feng and Jamal Seyed-Yagoobi on “understanding [the] 

electrohydrodynamic conduction pumping phenomenon.” The principle equation that was used is 

shown below: 

∆𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = (0.85𝑐)𝑚𝜖
𝑉2

𝑑2
 

Where c is a constant based on the closeness of the electrode, m is the number of electrode pairs, 

𝜖 is the permittivity of the working fluid (HCFC-123), V is the applied voltage, and d is the 

distance between electrode pairs. The openness of the electrodes was calculated to be 

approximately 31.25%, which constitutes a closeness of 68.75%. It is important to note that there 

are separate voltage sources for the pump and the evaporator although they are within an 

integrated configuration. Different pressure generations will arise from the different applied 

voltages. In the pump setup, as previously mentioned, there are two electrode pairs whereas in 

the evaporator section, there is only one electrode pair. The resulting pressure generation, with 

varying voltages, for each section of the setup is shown in the graph below: 



 

From theoretical calculations, the pressure generation at the maximum applied voltage of 1240 V 

for the pump and evaporator are approximately 77 Pa and 38.5 Pa, respectively.  

Since there are issues with the previous pressure generation equation, which assumes an 

ideal set of conditions, better estimates are provided when analyzing previous experimental 

values. The analysis was broken down into how much pressure that each electrode pair was 

capable of generating. This was done in order to better compare data to other experiments that 

may have greater or fewer number of electrode pairs. One experiment, conducted by Lei Yang, 

used a macro-scale 10 electrode, perforated pump at 10 kV. The second experiment, conducted 

by Viral Patel, used a meso-scale 20 electrode, flush ring pump at 1 kV. Shown below are two 

tables summarizing each pump’s pressure generation (P) and corresponding flow rate (F):  

Total P (Pa) P Per Pair (Pa) Total F (mL/min) F Per Pair (mL/min) 

437.5 43.75 102.5 10.25 

656.2 65.62 78.7 7.87 

875 87.5 60.7 6.07 



1000 100 41.8 4.18 

1125 112.5 18.8 1.88 

1203 120.3 0.82 0.082 

 

Total P (Pa) P Per Pair (Pa) Total F (mL/min) F Per Pair (mL/min) 

39.68 1.984 2.284 0.1142 

62.26 3.113 2.115 0.1058 

86.52 4.326 1.896 0.0948 

135.0 6.752 1.499 0.0750 

198.6 9.930 0.723 0.0362 

216.2 10.81 0.0473 0.0024 

In order to generate a pressure generation curve for the current pump configuration, it is 

compared to both previous experiments based on how closely related they are to one another. 

The majority of characteristics for the current pump, which includes operating voltage, size of 

pump, predicted pressure and flow rate ranges, can be attributed to Viral’s meso-scale pump. The 

only difference is that the current pump uses a perforated pump as seen in Lei’s experiment 

rather than the flush ring pump seen in Viral’s experiment. Based on weighted slopes of curves 

and characteristics of the pumps, a graph shown below displays the current pump’s pressure 

generation curve alongside curves of previous experiments: 



 

Based on the estimated curve of the current pump, a table shown below better displays 

the numerical values of the pump’s pressure generation (P) and corresponding flow rate (F):  

Total P (Pa) P Per Pair (Pa) Total F (mL/min) F Per Pair (mL/min) 

29.2 9.73 3.37 1.12 

42.5 14.2 3.00 1.00 

55.9 18.6 2.68 0.895 

63.3 21.1 2.41 0.804 

71.3 23.8 2.04 0.680 

96.0 32.0 0.14 0.045 

Compared to the previous maximum pressure generation of 115.5 Pa, the newly estimated 

maximum pressure generation value of 96 Pa is relatively lower. 

y = -0.0009x2 + 0.0283x + 10.615 
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2.2 Single Phase Pressure Loss Theoretical Calculations 
In order to decide whether or not the pressure generation in the loop is significant, it is 

important to calculate the pressure loss in the loop. For a system that is purely in single phase, 

the pressure loss can be calculated using the Darcy-Weisbach equation shown below: 

Δ𝑃𝑙𝑜𝑠𝑠 =
𝑓𝐿𝜌𝑉2

2𝐷
 

Where 𝑓 is the friction factor, L is the length of pipes in different sections of the loop, 𝜌 is the 

density of the working fluid (HCFC-123), V is the fluid velocity, and D is the inner diameter of 

pipes. To calculate the total pressure loss in the system, the loop is broken into three sections 

consisting of the pump, evaporator, and remaining pipe. Shown below is a table summarizing the 

significant parameters in each section of the loop: 

Section Length (m) Diameter (m) Cross Sectional Area (m
2
) 

Pump 39.58 x 10
-3 

 

1.61 x 10
-3 

 

2.04 x 10
-6

 

Evaporator 11.46 x 10
-3 

 

1.61 x 10
-3 

 

2.04 x 10
-6

 

Remaining Pipe 3 4.57 x 10
-3 

 

1.64 x 10
-5

 

A desired flow rate range is used to calculate the fluid velocity in sections of the loop 

with different diameters. Shown below is a table with various mass and volumetric flow rates, 

and the corresponding fluid velocity: 

Section Volumetric Flow 

rate (mL/min) 

Mass Flow rate (kg/s) Fluid Velocity (m/s) 

Pump 0.1 – 5 2.43 x 10
-6

 - 1.22 x 10
-4

 8.18 x 10
-4

 - 4.09 x 10
-2

 

Evaporator 0.1 – 5 2.43 x 10
-6

 - 1.22 x 10
-4

 8.18 x 10
-4

 - 4.09 x 10
-2

 



Remaining Pipe 0.1 – 5 2.43 x 10
-6

 - 1.22 x 10
-4

 1.02 x 10
-4

 - 5.10 x 10
-3 

The last variable to account for is the friction factor, which can be calculated using the 

equation shown below:  

𝑓 =
64

𝑅𝑒
 𝑤𝑖𝑡ℎ 𝑅𝑒 =

𝜌𝑉𝐷

𝜇
 

Where 𝑅𝑒 is the Reynolds number, 𝜌 is the density of the working fluid, V is the fluid velocity, 

D is the inner diameter of the pipes, and 𝜇 is the dynamic viscosity of the working fluid. The 

corresponding Reynolds numbers and friction factors for each section of the loop are shown 

below: 

Section Reynolds Number Friction Factor 

Pump 4.7 – 235.5 13.6 – 0.27 

Evaporator 4.7 – 235.5 13.6 – 0.27 

Remaining Pipe 1.7 – 83.0 38.6 – 0.77  

With all variables solved for, the pressure loss in each section of the loop can be 

calculated. These values are shown in the table below: 

Section Pressure Loss (Pa) 

Pump 0.16 – 8.16 

Evaporator 0.047 – 2.36  

Remaining Pipe 0.19 – 9.52 

Total System 0.40 – 20.0 

 Based on the theoretically calculated pressure generation and pressure loss values, the net 

pressure can be calculated using the equation: 

`Δ𝑃𝑛𝑒𝑡 = 𝑃𝑝𝑢𝑚𝑝 + 𝑃𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 − 𝑃𝑙𝑜𝑠𝑠 

Shown below is a graph depicting the net pressure as a function of the applied voltage:  



 

From theoretical calculations, the net pressure at the lowest applied voltage of 750 V is 41.8 Pa. 

In addition, the net pressure at the highest applied voltage of 1240 V is 95.3 Pa. It is important to 

note that these values are estimates, which inherently contain a 20% error. 

2.3 Two Phase Pressure Loss Theoretical Calculations 

 In a two phase flow, the calculations for pressure loss are more extensive. This is due to 

separate calculations for liquid and vapor phases that exhibit turbulent flow in various sections of 

the loop. Based on the Reynolds number in single phase, it was valid to assume that laminar flow 

was only present. This assumption is no longer valid for a two phase experiment. To decide 

whether or not the pressure generation in the loop is significant for a two phase flow, it is 

important to calculate the experienced pressure loss. The equation for the total pressure loss in a 

system with two phases is shown below: 

𝛥𝑃𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑃𝑠𝑡𝑎𝑡𝑖𝑐 + 𝛥𝑃𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 + 𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 



Static pressure losses can be ignored because the channels in the loop are assumed to be at the 

same height. 

One way that pressure losses can arise in two phase flow is by momentum. The equation 

for this pressure loss is shown below:  

𝛥𝑃𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 𝐺2 {[
(1 − 𝑥)2

𝜌𝑙(1 − 𝜖)
+
𝑥2

𝜌𝑔𝜖
]
𝑜𝑢𝑡𝑙𝑒𝑡

− [
(1 − 𝑥)2

𝜌𝑙(1 − 𝜖)
+
𝑥2

𝜌𝑔𝜖
]
𝑖𝑛𝑙𝑒𝑡

} 

Where G is the mass flow rate flux, x is the vapor quality, 𝜖 is the drift flux void fraction, 𝜌𝑙 is 

the density of the working fluid in the liquid phase, and 𝜌𝑔 is the density of the working fluid in 

the gas phase. The equation for calculating the drift flux void fraction is shown below: 

𝜖 =
𝑥

𝜌𝑔
[{(1 + 0.12(1 − 𝑥)) (

𝑥

𝜌𝑔
+
(1 − 𝑥)

𝜌𝑙
)} + {

1.18(1 − 𝑥)[𝑔𝜎(𝜌𝑙 − 𝜌𝑔)]
0.25

𝐺𝜌𝑙
0.5 }]

−1

 

Where g is the acceleration due to gravity, 𝜎 is the surface tension of the working fluid, and all 

other variables were previously mentioned in the momentum pressure loss equation. The drift 

flux void fraction is used for separated flows due to different velocities in the liquid and gas 

phases in horizontal tubes.  

Another way that pressure losses occur in two phase flow is by friction. The equation for 

this pressure loss is shown below: 

𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑙𝑖𝑞𝑢𝑖𝑑 = 4𝑓𝑙 (
𝐿

𝐷
)
𝐺2(1 − 𝑥)2

2𝜌𝑙
 

𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑔𝑎𝑠 = 4𝑓𝑔 (
𝐿

𝐷
)
𝐺2(𝑥)2

2𝜌𝑔
 

Where L is the length of the channel, D is the diameter where the fluid is exposed to, 𝑓𝑙 is the 

friction factor of the liquid phase, 𝑓𝑔 is the friction factor of the gas phase, and all other variables 

were previously mentioned in the momentum pressure loss equation.  The friction factor in a two 



phase flow is a conditional equation based on the flow regime that is present. This equation is 

shown below:  

𝑓𝑙  𝑜𝑟 𝑓𝑔 =

{
 
 
 

 
 
 

16

𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔
𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔 < 1000

0.046

(𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔)
0.2 𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔 > 2000

𝑤
16

𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔
+ (1 − 𝑤)

0.046

(𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔)
0.2 1000 < 𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔 < 2000

 

where:  

𝑤 =
(𝑅𝑒𝑙 𝑜𝑟 𝑅𝑒𝑔 − 1000)

(2000 − 1000)
 

The equations for calculating the Reynolds number in the liquid or gas phase is shown below: 

Gas phase: 

𝑅𝑒𝑔 =
𝐺𝑥𝐷

𝜇𝑔
 

Liquid phase: 

𝑅𝑒𝑙 =
𝐺(1 − 𝑥)𝐷

𝜇𝑙
 

Where 𝜇𝑔 is the viscosity of the working fluid in the gas phase, 𝜇𝑙 is the viscosity of the working 

fluid in the liquid phase, and all other variables were previously mentioned. Once the frictional 

pressure loss is calculated for, a corrective frictional pressure loss must be calculated as shown in 

the equations below: 

𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑙𝑖𝑞𝑢𝑖𝑑−𝑡𝑜𝑡𝑎𝑙 = (𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑙𝑖𝑞𝑢𝑖𝑑)(𝜙𝑙) 

𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑔𝑎𝑠−𝑡𝑜𝑡𝑎𝑙 = (𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑔𝑎𝑠)(𝜙𝑔) 



Where 𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑙𝑖𝑞𝑢𝑖𝑑 is the frictional pressure drop due to the liquid phase, 𝛥𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑔𝑎𝑠 

is the frictional pressure drop due to the gas phase,  𝜙𝑙 is the liquid multiplier, and 𝜙𝑔 is the gas 

multiplier. The liquid and gas multiplier can be calculated using the equations shown below: 

Gas Multiplier: 

𝜙𝑔 = 1 + 𝐶𝜒 + 𝜒
2 

Liquid Multiplier: 

𝜙𝑙 = 1 +
𝐶

𝜒
+
1

𝜒2
 

Where 𝜒 is the Lockhart-Martinelli Parameter and 𝐶 is the Lockhart-Martinelli Constant. Both 

parameters can be solved for with the equations shown below: 

Lockhart-Martinelli Parameter: 

𝜒 = √
𝛥𝑝𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑙𝑖𝑞𝑢𝑖𝑑

𝛥𝑝𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙−𝑔𝑎𝑠
 

Lockhart-Martinelli Constant: 

𝐶 =

{
 
 

 
 20 𝑅𝑒𝑙 > 1500, 𝑅𝑒𝑔 > 1500

12 𝑅𝑒𝑙 < 1500, 𝑅𝑒𝑔 > 1500
10 𝑅𝑒𝑙 > 1500, 𝑅𝑒𝑔 < 1500
05 𝑅𝑒𝑙 < 1500, 𝑅𝑒𝑔 < 1500

 

A table below summarizes the important values in a two phase flow experiment:  

 

Minimum Case 

Pressure 

Generation (Pa) 

Momentum 

Pressure Loss (Pa) 

Frictional Pressure 

Loss (Pa) 

Total Pressure 

Loss  (Pa) 

Net Pressure 

(Pa) 

42.5 0.0076 0.82 0.828 41.67 



Maximum Case 

Pressure 

Generation (Pa) 

Momentum 

Pressure Loss (Pa) 

Frictional Pressure 

Loss (Pa) 

Total Pressure 

Loss  (Pa) 

Net Pressure 

(Pa) 

96.0 3.64 31.95 35.6 60.4 

From the table above, it can be concluded that the pressure losses experienced in a two 

phase flow are much greater than those in single phase. Shown below is a graph depicting the net 

pressure as a function of the applied voltage in a two phase experiment: 

 

2.5 Evaporator Power Input Calculations 
To initiate the phase change from the liquid phase to the vapor phase, the applied power 

to the evaporator must be calculated; the applied power will vary based on the working fluid. 

This calculation can be done by the equation shown below: 

𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 = 𝑚̇𝐿𝑥 



Where 𝑚̇ is the mass flow rate, L is the latent heat of the working fluid at room temperature, and 

x is the vapor quality. The vapor quality is assumed to be 1 since a full phase change is desired in 

the evaporator. Based on this calculation for various flow rates, the maximum applied power to 

the evaporator is approximately 4.1 W.  

2.6 Condenser Length Calculations 
In order to change from the vapor phase to the liquid phase, it is important to calculate 

the length of a condenser. Now that the maximum power is accounted for, a maximum length 

can be calculated for the condenser, which initiates the condensation stage in the loop. The 

amount of energy required to evaporate a working fluid is the same as the amount of energy 

needed to condense a working fluid as shown below: 

𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 

To calculate the required length of the condenser, it is important to include all forms of 

heat transfer in the overall heat transfer equation. There are three instances where heat transfer is 

present: convection between the iced bath and the condenser, conduction in the metal pipe, and 

convection between the working fluid and the pipe walls. One assumption that can be made is 

that the iced bath is cold enough that the surface temperature throughout the entire condenser is 

at 273.15 K. As a result, the overall heat transfer equation is shown below: 

𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 =
𝜋𝐷𝑖(𝑇𝑐 − 𝑇𝑏)𝐿

1
ℎ𝑖
+
𝑙𝑛 (

𝑟2
𝑟1
)𝐷𝑖

2𝑘

 

Where 𝐷𝑖 is the inner diameter of the pipe, 𝑇𝑐 is the subcool temperature of the working fluid 

(298.15 K), 𝑇𝑏 is the overheated temperature of the working fluid (302.15 K), 𝐿 is the length of 

the condenser, ℎ𝑖 is the average heat transfer coefficient of the working fluid, 𝑟1is the inner 

radius of the pipe, 𝑟2 is the outer radius of the pipe, and 𝑘 is the thermal conductivity of the pipe.  



To avoid errors when calculating the heat transfer coefficient, the inlet of the pipe is considered 

to be at 99% vapor quality while the outlet of the pipe is at 1% vapor quality. Almost all 

variables in the heat transfer equation are known besides the length of the condenser and the heat 

transfer coefficient. Shown below is the equation used to solve for the heat transfer coefficient in 

a two phase flow: 

ℎ(𝑥) = ℎ𝐿 ((1 − 𝑥)
0.8 +

3.8𝑥0.76(1 − 𝑥)0.04

(𝑝+)0.38
) 

Where ℎ𝐿 is the liquid heat transfer coefficient, 𝑥 is the vapor quality, and 𝑝+ is the ratio 

between the saturated and critical pressures of the working fluid. The liquid heat transfer 

coefficient can be solved for by using the equation shown below: 

ℎ𝐿 = 0.023 (
𝐺𝐷𝑖
𝜇𝑓
)

0.8

𝑃𝑟𝑓
0.4
𝑘𝑓

𝐷𝑖
 

Where G is the mass flow rate flux, 𝐷𝑖 is the inner diameter of the pipe, 𝜇𝑓 is the dynamic 

viscosity of the working fluid as a saturated liquid, 𝑃𝑟𝑓 is the Prandtl number of the working 

fluid as a saturated liquid, and 𝑘𝑓 is the thermal conductivity of the working fluid as a saturated 

liquid. The Prandtl number can be calculated by using the equation: 

𝑃𝑟𝑓 =
𝑐𝑝𝜇𝑓

𝑘𝑓
 

Where 𝑐𝑝 is the specific heat at constant pressure and all other variables were previously 

mentioned in the liquid heat transfer coefficient equation. The average heat transfer coefficient 

can be calculated by averaging the heat transfer coefficient between the inlet and outlet of the 

condenser. At the highest flow rate of 1 mL/min, the yielded average heat transfer coefficient 

was 44.15 W/m
2
K. 



The remaining value that has not been calculated for is the condenser length. By 

manipulating the heat transfer equation, the condenser length can be solved for: 

𝐿 =

(𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟)(
1
ℎ𝑖
+
𝑙𝑛 (

𝑟2
𝑟1
)𝐷𝑖

2𝑘
)

𝜋𝐷𝑖(𝑇𝑐 − 𝑇𝑏)
 

Based on this equation, the condenser length was calculated to be 0.168 m. However, to ensure 

that the working fluid fully condenses, a safety factor of approximately 2 is set to increase the 

condenser length to 0.336 m. 

Chapter 3 – Experimental Setup 

3.1 Preliminary Loop Design – 2D Sketch  

The initial phase of this design was based off a previous experiment’s test loop [5], but 

with modifications. Shown below is a 2D sketch of the test loop: 

 

The reservoir tank provides a means of filling and extracting the working fluid. In addition, the 

fill and vacuum ports provide the same function. An external pump is located upstream of the 

pump and evaporator configuration to overcome large pressure losses that may arise during 

experimentation. Both pump and evaporator are located in an integrated simple housing, each 

with different high voltage sources for pressure generation.  There is an additional wire 



connection to power the heater for two phase experimentation. There is a condenser located 

downstream of the simple housing to initiate another phase change. A viewing channel is located 

at the end of the loop to ensure that the working fluid, after the condenser, is only in single 

phase. 

There are three absolute pressure transducers (APTs) in experiment, each located at 

various sections of the loop exposed to drastic changes. One APT is located after the reservoir to 

ensure that the saturation pressure corresponds to the saturation temperature. Another APT is 

located after the evaporator exit to detect the pressure levels after a phase change. Since an 

additional phase change occurs in the condenser, an APT is conveniently located after the 

condenser exit. A flowmeter is located upstream of the integrated simple housing to monitor the 

flow rates entering that portion of the loop. Two differential pressure transducers (DPTs) are 

located at the heart of the experiment; one between the pump and another between the 

evaporator. These DPTs will provide experimental data for the amount of pressure generation 

taking place in each section of the integrated pumping system. Lastly, thermoprobes are widely 

used in the loop and strategically placed where a temperature change in the system may be 

present. In order to receive feedback from these sensors, all of their connections are made on one 

or more data acquisition boxes.  

3.2 Loop Design – 3D Model 
 Based on the 2D sketch of the loop, a 3D model was created in SolidWorks to better 

understand how connections would come together. Shown below are the isometric and top views 

of the 3D model loop design: 

 



 



 

The majority of the tubes that exist in this assembly have an outer diameter of 6.35 mm in 

order stay relatively close to the intended micro-scale. Other sections of the loop are slightly 

larger in diameter to accommodate for the insertion of the simple housing. Stainless steel fittings 

are used to withstand the corroding effects of the working fluid. In addition, these steel fittings 

are Yor-Lok compression fittings that prevent large amounts of leaking. To further secure the 

simple housing in the large tee channel, o-rings are placed at each end. A visual representation of 

this is shown below: 



 

Based on this configuration, the majority of the working fluid will be forced to flow axially. 

However, some of the fluid can flow out of the simple housing. As a solution, the fluid flowing 

outside of the simple housing will all flow to a junction shared by both differential pressure 

transducers. Due to the time constraints, the MQP assembly was not fully completed. Therefore, 

there is no experimental data. Shown below are different views of the current assembly: 
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Appendices 

Appendix A – MATLAB Scripts 

Single Phase Pressure Generation and Pressure Loss: 

%---Code written by: Darien Nate Khea, Date written on: 11/01/2015---% 

  
%---Pressure Generation Calculation (Feng Paper)---% 

  
V_pump = [750:10:1240]; %Voltage range applied at pump section [V] 

  
d_electrode = 0.001; %Distance between electrodes [m] 

  
epsilon_R123 = 42.8*10^-12; %Permittivity of R123 [Farads/m] 

  
m_p = 2; %Number of electrode pairs in Pump Section 

  
m_e = 1; %Number of electrode pairs in Evaporator Section 

  
P_pump_generation = 

(0.6875*0.85)*m_p*epsilon_R123.*((V_pump.^2)./(d_electrode^2)); %Pressure 

generation from pump [Pa] 

  
P_evaporator_generation = 

(0.6875*0.85)*m_e*epsilon_R123.*((V_pump.^2)./(d_electrode^2)); %Pressure 

generation from evaporator [Pa] 

  
plot(V_pump,P_pump_generation, V_pump, P_evaporator_generation); %plots graph 

  
xlim([750 1240]); %limits axis 

  
xlabel('Applied Voltage (V)'); %labels x-axis 

  
ylabel('Pressure Generation (Pa)'); %labels y-axis 

  
title('Theoretical Pressure Generation With Varying Voltages'); %labels title 

  
legend('Pump','Evaporator'); %labels legend 

  
%---Pressure Loss Calculation (Purely Darcy-Weisbach Equation)---% 

  
l_pump = 39.58*10^-3; %Length of pump[m] 

  
l_evaporator = 11.46*10^-3; %Length of evaporator [m] 

  
l_channel = 3; %Length of remaining channel (condenser included) [m] -Max 

Value- 

  
D_pump = 1.61*10^-3; %Diameter of pump [m] 



  
D_evaporator = 1.61*10^-3; %Diameter of evaporator [m] 

  
D_channel = 4.57*10^-3; %Diameter of remaining channel (condenser included) 

[m] - 0.18 inch. 

  
rho_R123 = 1458.8; %Density of R123 [kg/m^3] 

  
mu_R123 = 4.0805*10^-4; %Dynamic viscosity of R123 [kg/(m*s)] 

  
a_pump = (pi*D_pump^2)/4; %Area of pump [m^2] 

  
a_evaporator = (pi*D_evaporator^2)/4; %Area of evaporator [m^2] 

  
a_channel = (pi*D_channel^2)/4; %Area of remaining channel (condenser 

included) [m^2] 

  
m_dot = [2.43*10^-6:2.43*10^-6:1.22*10^-4]; %Desired mass flowrate range 

[kg/s] (0.1 mL/min:0.1 mL/min:5 mL/min) 

  
vel_pump = m_dot./(rho_R123*a_pump); %Velocity range in pump [m/s] 

  
vel_evaporator = m_dot./(rho_R123*a_evaporator); %Velocity range in 

evaporator[m/s] 

  
vel_channel = m_dot./(rho_R123*a_channel); %Velocity range in remaining 

channel (condenser included) [m/s] 

  
Re_pump = (rho_R123*D_pump.*vel_pump)./mu_R123; %Reynolds number of fluid in 

pump [dimensionless] 

  
Re_evaporator = (rho_R123*D_evaporator.*vel_evaporator)./mu_R123; %Reynolds 

number of fluid in evaporator [dimensionless] 

  
Re_channel = (rho_R123*D_channel.*vel_channel)./mu_R123; %Reynolds number of 

fluid in channel [dimensionless] 

  
f_pump = 64./Re_pump; %Friction factor of pump [dimensionless] 

  
f_evaporator = 64./Re_evaporator; %Friction factor of evaporator 

[dimensionless]  

  
f_channel = 64./Re_channel; %Friction factor of channel [dimensionless] 

  
P_loss_pump = (f_pump.*l_pump.*rho_R123.*(vel_pump.^2))./(D_pump*2); 

%Pressure Loss in Pump [Pa] 

  
P_loss_evaporator = 

(f_evaporator.*l_evaporator.*rho_R123.*(vel_evaporator.^2))./(D_pump*2); 

%Pressure Loss in Evaporator [Pa] 

  



P_loss_channel = 

(f_channel.*l_channel.*rho_R123.*(vel_channel.^2))./(D_channel*2); %Pressure 

Loss in Channel (condenser included) [Pa] -Over Estimating- 

  
Total_Pressure_Loss = P_loss_pump+P_loss_evaporator+P_loss_channel; %Total 

Pressure Loss in Loop [Pa] 

  
%---Net Pressure Calculation---% 

  
Net_Pressure = P_pump_generation+P_evaporator_generation-Total_Pressure_Loss; 

%Net pressure in loop [Pa] 

  
plot(V_pump, Net_Pressure); %plots graph 

  
xlim([750 1240]); %limits axis 

  
xlabel('Applied Voltage (V)'); %labels x-axis 

  
ylabel('Net Pressure (Pa)'); %labels y-axis 

  
title('Net Pressure With Varying Voltages'); %labels title 

 

Two Phase Pressure Loss: 

 
%---Code written by: Darien Nate Khea, Date written on: 11/01/2015---% 

  
%---Pressure Generation Calculation (Feng Paper)---% 

  
V_pump = [750:10:1240]; %Voltage range applied at pump + evaporator section 

[V] 

  
d_electrode = 0.001; %Distance between electrodes [m] 

  
epsilon_R123 = 42.8*10^-12; %Permittivity of R123 [Farads/m] 

  
m = 3; %Number of electrode pairs in pump + evaporator section 

  
P_pump_generation = 

(0.6875*0.85)*m*epsilon_R123.*((V_pump.^2)./(d_electrode^2)); %Pressure 

generation from pump + evaporator [Pa] 

  
%---Pressure Loss Calculation in Single Phase Sections (Darcy-Weisbach 

Equation)---% 

  
l_pump = 39.58*10^-3; %Length of pump[m] 

  
l_channel_single = 1.5; %Length of channel with single phase flow [m] -Max 

Value- 

  
D_pump = 1.61*10^-3; %Diameter of pump [m] 

  



D_channel_single = 5.08*10^-3; %Diameter of channel with single phase flow 

[m] - 1/5 inch. 

  
rho_R123 = 1458.8; %Density of R123 [kg/m^3] 

  
mu_R123 = 4.0805*10^-4; %Dynamic viscosity of R123 [kg/(m*s)] 

  
a_pump = (pi*D_pump^2)/4; %Area of pump [m^2] 

  
a_channel_single = (pi*D_channel_single^2)/4; %Area of channel with single 

phase flow [m^2] 

  
m_dot = [2.43*10^-6:2.43*10^-6:1.22*10^-4]; %Desired mass flowrate range 

[kg/s] (0.1 mL/min:0.1 mL/min:5 mL/min) 

  
vel_pump = m_dot./(rho_R123*a_pump); %Velocity range in pump [m/s] 

  
vel_channel_single = m_dot./(rho_R123*a_channel_single); %Velocity range in 

channel with single phase flow [m/s] 

  
Re_pump = (rho_R123*D_pump.*vel_pump)./mu_R123; %Reynolds number of fluid in 

pump [dimensionless] 

  
Re_channel_single = (rho_R123*D_channel_single.*vel_channel_single)./mu_R123; 

%Reynolds number of fluid in single phase flow in channel [dimensionless] 

  
f_pump = 64./Re_pump; %Friction factor of pump [dimensionless] 

  
f_channel_single = 64./Re_channel_single; %Friction factor of channel with 

single phase flow [dimensionless] 

  
P_loss_pump = (f_pump.*l_pump.*rho_R123.*(vel_pump.^2))./(D_pump*2); 

%Pressure Loss in Pump [Pa] 

  
P_loss_channel_single = 

(f_channel_single.*l_channel_single.*rho_R123.*(vel_channel_single.^2))./(D_c

hannel_single*2); %Pressure Loss in Channel with single phase flow [Pa] -Over 

Estimating- 

  
Total_Pressure_Loss_single = P_loss_pump+P_loss_channel_single; %Total 

Pressure Loss in single phase flow sections in loop [Pa] 

  
%---Pressure Loss Calculation in Two Phase Sections (Lockhart–Martinelli 

Equation)---% 

  
%---Initial Parameters---% 

  
l_evaporator = 11.46*10^-3; %Length of evaporator [m] 

  
l_condenser = 0.3; %Length of condenser [m] 

  
l_channel_two = 0.2; %Length of channel with two phase flow [m] -Max Value- 

  



D_evaporator = 1.61*10^-3; %Diameter of evaporator [m] 

  
D_condenser = 6.35*10^-3; %Diameter of condenser [m] - 1/4 inch. 

  
D_channel_two = 5.08*10^-3; %Diameter of channel with two phase flow [m] - 

1/5 inch. 

  
a_evaporator = (pi*D_evaporator^2)/4; %Area of evaporator [m^2] 

  
a_condenser = (pi*D_condenser^2)/4; %Area of condenser [m^2] 

  
a_channel_two = (pi*D_channel_two^2)/4; %Area of channel with two phase flow 

[m^2] 

  
g = 9.81; %Acceleration due to gravity [m/s^2] 

  
%---Momentun Pressure Loss---% 

  
%---Mass Flowrate Flux---% 

  
G_evaporator = m_dot./a_evaporator; %Mass flowrate flux in evaporator [kg/(s-

m^2)] 

  
G_condenser = m_dot./a_condenser; %Mass flowrate flux in condenser [kg/(s-

m^2)] 

  
G_channel_two = m_dot./a_channel_two; %Mass flowrate flux in channel with two 

phase [kg/(s-m^2)] 

  
%---Vapor Quality---% 

  
x_evaporator_i = 0.001; %Vapor quality in evaporator inlet [dimensionless] 

  
x_evaporator_o = 0.05; %Vapor quality in evaporator outlet [dimensionless] 

  
x_condenser_i = 0.001; %Vapor quality in condenser inlet [dimensionless] 

  
x_condenser_o = 0.05; %Vapor quality in condenser outlet [dimensionless] 

  
x_channel_two_i = 0.05; %Vapor quality in channel with two phase flow inlet 

[dimensionless] 

  
x_channel_two_o = 0.05; %Vapor quality in channel with two phase flow outlet 

[dimensionless] 

  
%---Density of R123 for Saturated Liquid---% 

  
rho_R123_liquid_evaporator = 1457; %Density for liquid phase in evaporator 

[kg/m^3] -Midpoint between high and low temperatures- 

  
rho_R123_liquid_condenser = 1467; %Density for liquid phase in condenser 

[kg/m^3] -Midpoint between high and low temperatures- 



  
rho_R123_liquid_channel_two = 1457; %Density for liquid phase in channel 

[kg/m^3] -Midpoint between high and low temperatures- 

  
%---Density of R123 for Saturated Vapor---% 

  
rho_R123_vapor_evaporator = 6.5; %Density for vapor phase in evaporator 

[kg/m^3] -Midpoint between high and low temperatures- 

  
rho_R123_vapor_condenser = 5.75; %Density for vapor phase in condenser 

[kg/m^3] -Midpoint between high and low temperatures- 

  
rho_R123_vapor_channel_two = 6.5; %Density for vapor phase in channel 

[kg/m^3] -Midpoint between high and low temperatures- 

  
%---Surface Tension of R123---% 

  
sigma_evaporator = 0.015; %Surface tension of R123 in evaporator [N/m] 

  
sigma_condenser = 0.015; %Surface tension of R123 in condenser [N/m] 

  
sigma_channel_two= 0.016; %Surface tension of R123 in channel with two phase 

[N/m] 

  
%---Void Fraction---% 

  
epsilon_evaporator_i = 

(x_evaporator_i/rho_R123_vapor_evaporator)*(((1+0.12*(1-

x_evaporator_i))*((x_evaporator_i/rho_R123_vapor_evaporator)+((1-

x_evaporator_i)/rho_R123_liquid_evaporator)))+((1.18*(1-

x_evaporator_i)*(g*sigma_evaporator*(rho_R123_liquid_evaporator-

rho_R123_vapor_evaporator))^0.25)./(G_evaporator.*(rho_R123_liquid_evaporator

)^0.5))).^-1; %Void fraction in evaporator inlet [dimensionless] 

  
epsilon_evaporator_o = 

(x_evaporator_o/rho_R123_vapor_evaporator)*(((1+0.12*(1-

x_evaporator_o))*((x_evaporator_o/rho_R123_vapor_evaporator)+((1-

x_evaporator_o)/rho_R123_liquid_evaporator)))+((1.18*(1-

x_evaporator_o)*(g*sigma_evaporator*(rho_R123_liquid_evaporator-

rho_R123_vapor_evaporator))^0.25)./(G_evaporator.*(rho_R123_liquid_evaporator

)^0.5))).^-1; %Void fraction in evaporator outlet [dimensionless] 

  
epsilon_condenser_i = (x_condenser_i/rho_R123_vapor_condenser)*(((1+0.12*(1-

x_condenser_i))*((x_condenser_i/rho_R123_vapor_condenser)+((1-

x_condenser_i)/rho_R123_liquid_condenser)))+((1.18*(1-

x_condenser_i)*(g*sigma_condenser*(rho_R123_liquid_condenser-

rho_R123_vapor_condenser))^0.25)./(G_condenser.*(rho_R123_liquid_condenser)^0

.5))).^-1; %Void fraction in condenser inlet [dimensionless] 

  
epsilon_condenser_o = (x_condenser_o/rho_R123_vapor_condenser)*(((1+0.12*(1-

x_condenser_o))*((x_condenser_o/rho_R123_vapor_condenser)+((1-

x_condenser_o)/rho_R123_liquid_condenser)))+((1.18*(1-

x_condenser_o)*(g*sigma_condenser*(rho_R123_liquid_condenser-



rho_R123_vapor_condenser))^0.25)./(G_condenser.*(rho_R123_liquid_condenser)^0

.5))).^-1; %Void fraction in condenser outlet [dimensionless] 

  
epsilon_channel_two_i = 

(x_channel_two_i/rho_R123_vapor_channel_two)*(((1+0.12*(1-

x_channel_two_i))*((x_channel_two_i/rho_R123_vapor_channel_two)+((1-

x_channel_two_i)/rho_R123_liquid_channel_two)))+((1.18*(1-

x_channel_two_i)*(g*sigma_channel_two*(rho_R123_liquid_channel_two-

rho_R123_vapor_channel_two))^0.25)./(G_channel_two.*(rho_R123_liquid_channel_

two)^0.5))).^-1; %Void fraction in channel with two phase inlet 

[dimensionless]  

  
epsilon_channel_two_o = 

(x_channel_two_o/rho_R123_vapor_channel_two)*(((1+0.12*(1-

x_channel_two_o))*((x_channel_two_o/rho_R123_vapor_channel_two)+((1-

x_channel_two_o)/rho_R123_liquid_channel_two)))+((1.18*(1-

x_channel_two_o)*(g*sigma_channel_two*(rho_R123_liquid_channel_two-

rho_R123_vapor_channel_two))^0.25)./(G_channel_two.*(rho_R123_liquid_channel_

two)^0.5))).^-1; %Void fraction in channel with two phase outlet 

[dimensionless]  

  
%---Momentum Pressure Loss Calculation---% 

  
M_pressure_loss_evaporator = G_evaporator.^2.*((((1-

x_evaporator_o)^2./(rho_R123_liquid_evaporator*(1-

epsilon_evaporator_o)))+(x_evaporator_o^2./(rho_R123_vapor_evaporator*epsilon

_evaporator_o)))-(((1-x_evaporator_i)^2./(rho_R123_liquid_evaporator*(1-

epsilon_evaporator_i)))+(x_evaporator_i^2./(rho_R123_vapor_evaporator*epsilon

_evaporator_i)))); %Momentum pressure loss in evaporator [Pa] 

  
M_pressure_loss_condenser = G_condenser.^2.*((((1-

x_condenser_o)^2./(rho_R123_liquid_condenser*(1-

epsilon_condenser_o)))+(x_condenser_o^2./(rho_R123_vapor_condenser*epsilon_co

ndenser_o)))-(((1-x_condenser_i)^2./(rho_R123_liquid_condenser*(1-

epsilon_condenser_i)))+(x_condenser_i^2./(rho_R123_vapor_condenser*epsilon_co

ndenser_i)))); %Momentum pressure loss in condenser [Pa] 

  
M_pressure_loss_channel_two = G_channel_two.^2.*((((1-

x_channel_two_o)^2./(rho_R123_liquid_channel_two*(1-

epsilon_channel_two_o)))+(x_channel_two_o^2./(rho_R123_vapor_channel_two*epsi

lon_channel_two_o)))-(((1-

x_channel_two_i)^2./(rho_R123_liquid_channel_two*(1-

epsilon_channel_two_i)))+(x_channel_two_i^2./(rho_R123_vapor_channel_two*epsi

lon_channel_two_i)))); %Momentum pressure loss in channel with two phase [Pa] 

  
%---Frictional Pressure Loss---% 

  
%---Reynolds Number---% 

  
%---Viscosity of R123 liquid---% 

  
mu_liquid_R123_e = 4*10^-4; %Viscosity of saturated liquid in evaporator [Pa-

s] -Approximation-  

  



mu_liquid_R123_con = 4.25*10^-4; %Viscosity of saturated liquid in condenser 

[Pa-s] -Approximation- 

  
mu_liquid_R123_ch = 4*10^-4; %Viscosity of saturated liquid in channel with 

two phase flow [Pa-s] -Approximation- 

  
%---Viscosity of R123 gas---% 

  
mu_vapor_R123_e = 1.1*10^-5; %Viscosity of saturated vapor in evaporator [Pa-

s] -Approximation- 

  
mu_vapor_R123_con = 1.07*10^-5; %Viscosity of saturated vapor in condenser 

[Pa-s] -Approximation- 

  
mu_vapor_R123_ch = 1.1*10^-5; %Viscosity of saturated vapor in channel with 

two phase flow [Pa-s] -Approximation-  

  
%---Reynolds Number for Saturated Liquid---% 

  
Re_liquid_evaporator_i = (G_evaporator.*(1-

x_evaporator_i)*D_evaporator)./(mu_liquid_R123_e) ; %Reynolds number of 

liquid phase for evaporator entrance [dimensionless] 

  
Re_liquid_evaporator_o = (G_evaporator.*(1-

x_evaporator_o)*D_evaporator)./(mu_liquid_R123_e); %Reynolds number of liquid 

phase for evaporator exit [dimensionless] 

  
Re_liquid_condenser_i = (G_condenser.*(1-

x_condenser_i)*D_condenser)./(mu_liquid_R123_con); %Reynolds number of liquid 

phase for condenser entrance [dimensionless] 

  
Re_liquid_condenser_o = (G_condenser.*(1-

x_condenser_o)*D_condenser)./(mu_liquid_R123_con); %Reynolds number of liquid 

phase for condenser exit [dimensionless] 

  
Re_liquid_channel_two_i = (G_channel_two.*(1-

x_channel_two_i)*D_channel_two)./(mu_liquid_R123_ch); %Reynolds number of 

liquid phase for channel entrance [dimensionless] 

  
Re_liquid_channel_two_o = (G_channel_two.*(1-

x_channel_two_o)*D_channel_two)./(mu_liquid_R123_ch); %Reynolds number of 

liquidp hase for channel exit [dimensionless]  

  
%---Reynolds Number for Satured Vapor---% 

  
Re_vapor_evaporator_i = 

(G_evaporator.*(x_evaporator_i)*D_evaporator)./(mu_vapor_R123_e) ; %Reynolds 

number vapor phase for evaporator entrance [dimensionless] 

  
Re_vapor_evaporator_o = 

(G_evaporator.*(x_evaporator_o)*D_evaporator)./(mu_vapor_R123_e); %Reynolds 

number vapor phase for evaporator exit [dimensionless] 

  



Re_vapor_condenser_i = 

(G_condenser.*(x_condenser_i)*D_condenser)./(mu_vapor_R123_con); %Reynolds 

number vapor phase for condenser entrance [dimensionless] 

  
Re_vapor_condenser_o = 

(G_condenser.*(x_condenser_o)*D_condenser)./(mu_vapor_R123_con); %Reynolds 

number vapor phase for for condenser exit [dimensionless]  

  
Re_vapor_channel_two_i = 

(G_channel_two.*(x_channel_two_i)*D_channel_two)./(mu_vapor_R123_ch); 

%Reynolds number vapor phase for channel entrance [dimensionless] 

  
Re_vapor_channel_two_o = 

(G_channel_two.*(x_channel_two_o)*D_channel_two)./(mu_vapor_R123_ch); 

%Reynolds number vapor phase for channel exit [dimensionless] 

  
%---Friction Factor (Conditional for 10% Vapor) For Saturated Liquid---% 

  
f_liquid_evaporator_i = 16./Re_liquid_evaporator_i; %Friction factor for 

liquid phase for evaporator entrance [dimensionless] 

  
f_liquid_evaporator_o = 16./Re_liquid_evaporator_o; %Friction factor for 

liquid phase for evaporator exit [dimensionless] 

  
f_liquid_condenser_i = 16./Re_liquid_condenser_i; %Friction factor for liquid 

phase for condenser entrance [dimensionless] 

  
f_liquid_condenser_o = 16./Re_liquid_condenser_o; %Friction factor for liquid 

phase for condenser exit [dimensionless] 

  
f_liquid_channel_two_i = 16./Re_liquid_channel_two_i; %Friction factor for 

liquid phase for channel entrance [dimensionless] 

  
f_liquid_channel_two_o = 16./Re_liquid_channel_two_o; %Friction factor for 

liquid phase for channel exit [dimensionless] 

  
%---Friction Factor (Conditional for 10% Vapor) For Saturated Vapor---% 

  
f_vapor_evaporator_i = 16./Re_vapor_evaporator_i; %Friction factor for vapor 

phase for evaporator entrance [dimensionless] 

  
f_vapor_evaporator_o = 16./Re_vapor_evaporator_o; %Friction factor for vapor 

phase for evaporator exit [dimensionless]  

  
f_vapor_condenser_i = 16./Re_vapor_condenser_i; %Friction factor for vapor 

phase for condenser entrance [dimensionless] 

  
f_vapor_condenser_o = 16./Re_vapor_condenser_o; %Friction factor for vapor 

phase for condenser exit [dimensionless] 

  
f_vapor_channel_two_i = 16./Re_vapor_channel_two_i; %Friction factor for 

vapor phase for channel entrance [dimensionless]  

  



f_vapor_channel_two_o = 16./Re_vapor_channel_two_o; %Friction factor for 

vapor phase for channel exit [dimensionless] 

  
%---Frictional Pressure Loss - Intermediate For Saturated Liquid---% 

  
f_loss_liquid_evaporator_i = 

(4*f_liquid_evaporator_i.*l_evaporator.*G_evaporator.^2.*(1-

x_evaporator_i)^2)/(2*rho_R123_liquid_evaporator*D_evaporator); 

  
f_loss_liquid_evaporator_o = 

(4*f_liquid_evaporator_o.*l_evaporator.*G_evaporator.^2.*(1-

x_evaporator_o)^2)/(2*rho_R123_liquid_evaporator*D_evaporator); 

  
f_loss_liquid_condenser_i = 

(4*f_liquid_condenser_i.*l_condenser.*G_condenser.^2.*(1-

x_condenser_i)^2)/(2*rho_R123_liquid_condenser*D_condenser); 

  
f_loss_liquid_condenser_o = 

(4*f_liquid_condenser_o.*l_condenser.*G_condenser.^2.*(1-

x_condenser_o)^2)/(2*rho_R123_liquid_condenser*D_condenser); 

  
f_loss_liquid_channel_two_i = 

(4*f_liquid_channel_two_i.*l_channel_two.*G_channel_two.^2.*(1-

x_channel_two_i)^2)/(2*rho_R123_liquid_channel_two*D_channel_two); 

  
f_loss_liquid_channel_two_o = 

(4*f_liquid_channel_two_o.*l_channel_two.*G_channel_two.^2.*(1-

x_channel_two_o)^2)/(2*rho_R123_liquid_channel_two*D_channel_two); 

  
%---Frictional Pressure Loss - Intermediate For Saturated Vapor---% 

  
f_loss_vapor_evaporator_i = 

(4*f_vapor_evaporator_i.*l_evaporator.*G_evaporator.^2.*(x_evaporator_i)^2)/(

2*rho_R123_vapor_evaporator*D_evaporator); 

  
f_loss_vapor_evaporator_o = 

(4*f_vapor_evaporator_o.*l_evaporator.*G_evaporator.^2.*(x_evaporator_o)^2)/(

2*rho_R123_vapor_evaporator*D_evaporator); 

  
f_loss_vapor_condenser_i = 

(4*f_vapor_condenser_i.*l_condenser.*G_condenser.^2.*(x_condenser_i)^2)/(2*rh

o_R123_vapor_condenser*D_condenser); 

  
f_loss_vapor_condenser_o = 

(4*f_vapor_condenser_o.*l_condenser.*G_condenser.^2.*(x_condenser_o)^2)/(2*rh

o_R123_vapor_condenser*D_condenser); 

  
f_loss_vapor_channel_two_i = 

(4*f_vapor_channel_two_i.*l_channel_two.*G_channel_two.^2.*(x_channel_two_i)^

2)/(2*rho_R123_vapor_channel_two*D_channel_two); 

  
f_loss_vapor_channel_two_o = 

(4*f_vapor_channel_two_o.*l_channel_two.*G_channel_two.^2.*(x_channel_two_o)^

2)/(2*rho_R123_vapor_channel_two*D_channel_two); 



  
%---Lockhart-Martinelli Parameter---% 

  
X_evaporator_i = sqrt(f_loss_liquid_evaporator_i./f_loss_vapor_evaporator_i); 

  
X_condenser_i = sqrt(f_loss_liquid_evaporator_o./f_loss_vapor_evaporator_o); 

  
X_channel_two_i = sqrt(f_loss_liquid_condenser_i./f_loss_vapor_condenser_i); 

  
X_evaporator_o = sqrt(f_loss_liquid_condenser_o./f_loss_vapor_condenser_o); 

  
X_condenser_o = 

sqrt(f_loss_liquid_channel_two_i./f_loss_vapor_channel_two_i); 

  
X_channel_two_o = 

sqrt(f_loss_liquid_channel_two_o./f_loss_vapor_channel_two_o); 

  
%---Lockhart-Martinelli Constant---% 

  
%Since both liquid and vapor Reynolds numbers are less than 1500% 

  
C = 5; 

  
%---Liquid Multiplier---% 

  
phi_liquid_evaporator_i = 1+(C./X_evaporator_i)+(1./X_evaporator_i.^2); 

  
phi_liquid_evaporator_o = 1+(C./X_evaporator_o)+(1./X_evaporator_o.^2); 

  
phi_liquid_condenser_i = 1+(C./X_condenser_i)+(1./X_condenser_i.^2); 

  
phi_liquid_condenser_o = 1+(C./X_condenser_o)+(1./X_condenser_o.^2); 

  
phi_liquid_channel_two_i = 1+(C./X_channel_two_i)+(1./X_channel_two_i.^2); 

  
phi_liquid_channel_two_o = 1+(C./X_channel_two_o)+(1./X_channel_two_o.^2); 

  
%---Gas Multiplier---% 

  
phi_vapor_evaporator_i = 1+(C.*X_evaporator_i)+X_evaporator_i.^2; 

  
phi_vapor_evaporator_o = 1+(C.*X_evaporator_o)+X_evaporator_o.^2; 

  
phi_vapor_condenser_i = 1+(C.*X_condenser_i)+X_condenser_i.^2; 

  
phi_vapor_condenser_o = 1+(C.*X_condenser_o)+X_condenser_o.^2; 

  
phi_vapor_channel_two_i = 1+(C.*X_channel_two_i)+X_channel_two_i.^2; 

  
phi_vapor_channel_two_o = 1+(C.*X_channel_two_o)+X_channel_two_o.^2; 

  
%---Frictional Pressure Loss Liquid---% 



  
F_loss_liquid_evaporator_i = 

(f_loss_liquid_evaporator_i.*phi_liquid_evaporator_i); 

  
F_loss_liquid_evaporator_o = 

(f_loss_liquid_evaporator_o.*phi_liquid_evaporator_o); 

  
F_loss_liquid_condenser_i = 

(f_loss_liquid_condenser_i.*phi_liquid_condenser_i); 

  
F_loss_liquid_condenser_o = 

(f_loss_liquid_condenser_o.*phi_liquid_condenser_o);  

  
F_loss_liquid_channel_two_i = 

(f_loss_liquid_channel_two_i.*phi_liquid_channel_two_i); 

  
F_loss_liquid_channel_two_o = 

(f_loss_liquid_channel_two_o.*phi_liquid_channel_two_o); 

  
%---Frictional Pressure Loss Vapor---% 

  
F_loss_vapor_evaporator_i = 

(f_loss_vapor_evaporator_i.*phi_vapor_evaporator_i); 

  
F_loss_vapor_evaporator_o = 

(f_loss_vapor_evaporator_o.*phi_vapor_evaporator_o); 

  
F_loss_vapor_condenser_i = (f_loss_vapor_condenser_i.*phi_vapor_condenser_i); 

  
F_loss_vapor_condenser_o = (f_loss_vapor_condenser_o.*phi_vapor_condenser_o); 

  
F_loss_vapor_channel_two_i = 

(f_loss_vapor_channel_two_i.*phi_vapor_channel_two_i); 

  
F_loss_vapor_channel_two_o = 

(f_loss_vapor_channel_two_o.*phi_vapor_channel_two_o); 

  
%---Frictional Pressure Loss Actual Liquid---% 

  
F_loss_liquid_evaporator = 

(F_loss_liquid_evaporator_i+F_loss_liquid_evaporator_o)/2; 

  
F_loss_liquid_condenser = 

(F_loss_liquid_condenser_i+F_loss_liquid_condenser_o)/2; 

  
F_loss_liquid_channel_two = 

(F_loss_liquid_channel_two_i+F_loss_liquid_channel_two_o)/2; 

  
%---Frictional Pressure Loss Actual Vapor---% 

  
F_loss_vapor_evaporator = 

(F_loss_vapor_evaporator_i+F_loss_vapor_evaporator_o)/2; 

  



F_loss_vapor_condenser = 

(F_loss_vapor_condenser_i+F_loss_vapor_condenser_o)/2; 

  
F_loss_vapor_channel_two = 

(F_loss_vapor_channel_two_i+F_loss_vapor_channel_two_o)/2; 

  
%---Two Phase Total Pressure Loss---% 

  
Total_Pressure_Loss_two = 

F_loss_liquid_evaporator+F_loss_liquid_condenser+F_loss_liquid_channel_two+F_

loss_vapor_evaporator+F_loss_vapor_condenser+F_loss_vapor_channel_two+M_press

ure_loss_evaporator+M_pressure_loss_condenser+M_pressure_loss_channel_two; 

  
%---Total Pressure Loss In Two Phase Experiment---% 

  
Total_Pressure_Loss = Total_Pressure_Loss_single+Total_Pressure_Loss_two; 

  
%---Net Pressure---% 

  
Net_Pressure = P_pump_generation-Total_Pressure_Loss; 

  
plot(V_pump,Net_Pressure) %plots graph 

  
ylim([41.67 60.4]) %limits y-axis 

  
xlabel('Applied Voltage (V)'); %labels x-axis 

  
ylabel('Net Pressure (Pa)'); %labels y-axis 

  
title('Net Pressure With Varying Voltages'); %labels title 

 

Evaporator Power Input and Condenser Length: 

 
%---Code Written by: Darien Nate Khea, Date Written: 10/11/2015---% 

  
%---Evaporator Calculations---% 

  
m_dot = [2.43*10^-6:1.215*10^-6:2.43*10^-5]; %Desired mass flowrate range 

[kg/s] (0.1 mL/min:0.05 mL/min:1 mL/min) 

  
lat_heat_R123 = 170.2*10^3; %Latent heat of R123 [J/kg] 

  
vap_q = 0.99; %Vapor Quality [dimensionless] 

  
Q_evaporator = m_dot.*lat_heat_R123*vap_q; %Heat Transfer for Evaporation [W] 

  
%---Condenser Calculations---% 

  
D_condenser_i = 4.572*10^-3; %Diameter of condenser inlet [m], 0.18" 

  
D_condenser_o = 4.572*10^-3; %Diameter of condenser outlet [m], 0.18" 

  



r_condenser_i = D_condenser_i/2; %Radius of condenser inlet[m] 

  
r_condenser_o = D_condenser_o/2; %Radius of condenser outlet [m] 

  
a_condenser_i = (pi*(D_condenser_i)^2)/4; %Area of condenser inner [m^2] 

  
a_condenser_o = (pi*(D_condenser_o)^2)/4; %Area of condenser outer [m^2] 

  
%---Heat Transfer Coefficient of R123 liquid phase---% 

  
G_condenser = m_dot./(a_condenser_i); %Mass flowrate flux of liquid in 

condenser [kg/s-m^2] 

  
mu_liquid_R123 = 4.25*10^-4; %Viscosity of saturated liquid in condenser [Pa-

s] -Approximation- 

  
k_R123_liq = 0.077; %Thermal conductivity of saturated liquid R123 [W/m-

Kelvin] 

  
C_p_R123 = 729.4; %Specific heat of R123 [J/(kg-Kelvin)]  

  
Pr_liquid = (C_p_R123*mu_liquid_R123)/(k_R123_liq); %Prandtl number of 

saturated liquid R123 [dimensionless] 

  
h_l = 

0.023.*(((G_condenser.*D_condenser_i)./mu_liquid_R123).^0.8)*(Pr_liquid.^0.4)

.*(k_R123_liq/D_condenser_i); %Heat Transfer Coefficient for liquid phase 

[W/(m^2-Kelvin)] 

  
%---Heat Transfer Coefficient of R123 two phase inlet---% 

  
p_sat = 91; %Saturated pressure of R123 [kPa] 

  
p_crit = 3668; %Critical pressure of R123 [kPa] 

  
p_star = p_sat/p_crit; %Ratio of pressures [dimensionless] 

  
h_two_i = h_l.*(((1-vap_q)^0.8+(((3.8*(vap_q)^0.76)*(1-

vap_q)^0.04)/(p_star)^0.38))); %Heat Transfer Coefficient for two phase 

[W/(m^2-Kelvin)] 

  
%---Heat Transfer Coefficient of R123 two phase outlet---% 

  
vap_q_o = 0.01;          

  
h_two_o = h_l.*(((1-vap_q_o)^0.8+(((3.8*(vap_q_o)^0.76)*(1-

vap_q_o)^0.04)/(p_star)^0.38))); %Heat Transfer Coefficient for two phase 

[W/(m^2-Kelvin)] 

  
k_ss = 0.014*10^3; %Conductivity of stainless steel [W/m-k] 

  
%---Average Heat Transfer Coefficient of R123 inlet/outlet---% 

  



h_avg = (h_two_i+h_two_o)/2; %Average Heat Transfer Coefficient for two phase 

[W/(m^2-Kelvin)] 

  
%---Based on highest mass flow rate (1 mL/min), heat needed for evaporator is 

~4.1 W---% 
%---Based on heat needed for evaporator/condenser for full phase change:---% 
%---Length of condenser is ~ 6.61 in. or 0.168 m---% 
%---Putting a safety factor of 2 should increase the overall condenser 
%length to ~13.2 in. or 0.335 m---%  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix B – Datasheet for Sensors 

Differential Pressure Transducer: 

 



 

 

 

 

 



Flow Meter: 

 



 

 



 



 


