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An experimental study was performed in which an ammonia-water solution

was desorbed within a branching fractal-like microchannel array. The solution entered

in the center of a disk, and flowed out radially until discharging in to a gravity-driven

separation chamber. Heat was added to the ammonia-water through a thin wall, above

which flowed heat transfer oil in a separate branching fractal-like microchannel array.

Such arrays have been shown to utilize the increased heat transfer coefficients seen in

parallel channel arrays; however, they do so with a lower pressure drop.

An experimental flow loop consisting of ammonia-water and heat transfer oil

sub-loops was instrumented along with a test manifold for global measurements to be

taken. Temperature, pressure, density and mass flow rate measurements permitted

calculation of desorption and heat transfer characteristics. Parameters included oil
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mass flow rate, oil inlet temperature, and strong solution flow rate, while strong

solution concentration, temperature, and weak solution pressure were kept constant.

The desorber was assumed to achieve equilibrium conditions between the

vapor and weak solution in the separation chamber. The exit plenum was large and

acted as a flash chamber, making the assumption reasonable. The vapor mass fraction

was determined from knowledge of the weak solution saturation temperature.

Heat exchanger analyses (LMTD and c-NTU) were done to determine the heat

transfer characteristics of the desorber. Calculated values of UA are shown to be as

high as 5.0 W/K, and desorber heat duties were measured as high as 334 W. Strong

solution, at 0.30 mass fraction, was desorbed into weak solution and vapor with

concentrations ranging from 0.734 to 0.964. Circulation ratios, defined as strong

solution mass flow rate per unit desorbed vapor mass flow rate, varied in this study

from 3.4 to 20.

A method for specifying desorber operating conditions is described, in which a

minimum desorber heat input per unit vapor flow rate is determined at an optimum

circulation ratio. A description of how the circulation ratio behaves as a function of

strong solution mass flow rate, oil flow rate, and the maximum temperature difference

between oil and ammonia-water solution is shown.
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NOMENCLATURE

Variables and Parameters

C Heat capacity rate (W/K)

c Specific heat (kJ/(kg K))

f Circulation ratio

Rectified circulation ratio

h Enthalpy (U/kg)

k Thermal conductivity (W/(m K))

L Channel length (m)

LMTD Log mean temperature difference (K, °C)

M Number of replications

m Mass flow rate (kg/s)

N Number of repetitions

NTU Number of transfer units

P Pressure (bar)

Q Heat transfer rate (W)

q Heat transfer rate per unit mass flow rate (U/kg)

R Thermal resistance (K/W)

R Area averaged thermal resistance (K/W)

Reynolds number based on k =0 in oil channels

t Student t distribution



T Temperature (K, °C)

u Uncertainty

UA Overall heat transfer coefficient times heat transfer area (W/K)

v Specific volume (m3lkg)

W Channel width (m)

x Ammonia mass fraction

Width ratio

Length ratio

ATmax Maximum temperature difference (K, °C)

Effectiveness

Enthalpy correlation routine

Liquid mass fraction correlation routine

p Density (kg/rn3)

Saturation temperature correlation routine

x Vapor mass fraction correlation routine

Subscripts

c Cold

D Desorber

h Hot

i Inlet

in Measured at inlet mass flow meter

k Branching ratio



0 Outlet

out Measured at outlet mass flow meter

R Rectifier

Sat Saturation

1 Strong solution

2 Desorbed vapor

2* Rectified vapor

3 Weak solution

3 * Reflux solution



An Experimental Study of Co-flow Ammonia-water Desorption in an

Oil-heated, Microscale, Fractal-like Branching Heat Exchanger

1 INTRODUCTION

A combination of new manufacturing methods and market demands for very

high heat flux cooling has led to a push in research and development for microchannel

heat sinks. Microscale flow has the advantages of very high heat and mass transfer

coefficients, while taking up a small package size. The applications and industries that

could benefit from microscale technology are numerous, including electronics and

electronics packaging, biomedical, transportation, refrigeration and the focus of this

study: heat actuated cooling.

2.1 Microscale Heat Transfer

2.1.1 Benefits

The biggest benefit of designing a heat sink with microscale flow passages (on

the order of 10 to 500 tim) is the high heat transfer coefficient that is available, thus

more heat can be transferred from a surface. For a given Nusselt number (such as for

fully developed internal flow), as the diameter of a channel decreases, its heat transfer

coefficient rises inversely. When the flow involves some sort of phase change, heats

of evaporation or condensation are involved and the heat transfer coefficient can

become even higher.
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2.1.2 Drawbacks

However, there is a penalty to be paid for such high heat transfer. The energy

required to force flow through small passages becomes very high at very small

diameters. Some people have likened it to drinking a milkshake through a coffee

stirrer. The pressure drop, and in turn pumping power required to move fluid through

the small channels can quickly become prohibitively large. A computer's VLSI chip

can be kept cool at 60°C while it is putting out 200 W/cm2 of heat, but if the pump

required to move fluid through hundreds of parallel 100 jim diameter channels is the

same size as the computer itselfwhat is the added benefit to moving to small scales?

Branching fractal-like microchannel geometry may address this drawback.

2.2 Branching Fractal-like Microchannels

Biological systems have evolved to take advantage of the high transfer

coefficients resulting from microscale geometry. Mammalian circulatory systems

utilize very small channels (capillaries) to deliver oxygen to the organs and muscles,

as well as handle heat transfer from the body. However, the circulatory system does

not consist exclusively of small diameter passagesor the heart would have to be

massive. Instead, blood taken from the heart passes through arteries that branch into

smaller arteries, and those branch into still smaller arteries until blood reaches the

capillaries, where the passages are so small only one blood cell at a time passes

though.
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If the core temperature of a mammal is too high, the high temperature blood

moves to the capillaries closest to the skin (resulting in a flushed look) where the heat

is rejected to the ambient. Likewise, if your hand is placed in hot water, it will turn

red. This is because of increased blood flow to the capillaries of the hot spot, where

the blood is warmed and removed to be cooled in the rest of the body.

These processes are done with a heart muscle (pump) that is amazingly small

considering the number of very small diameter channels. The key, as described by

West [1], is in the way the channels branch. Ratios in diameters and lengths from

large channels to small have been naturally selected over millions of years. It's these

ratios that are chosen for the branching fractal-like microchannels used in this study.

Pence first proposed using microchannel branching fractal-like networks in [21 with

length and diameter ratios. In the present study, the following length and width ratios

are employed:

1=y (1)

1=fl (2)

where L is the length of a channel, W is the width, k refers to the branching level (see

Fig. 1), and 'y and 3 are constants. Figure 1 shows and example of a branching,

fractal-like channel network with f3 = 0.71 and ' = 1.4.
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Figure 1: One sixteenth of a branching, fractal-like microchannel array

This imitation of nature addresses some of the fundamental problems when

using parallel, straight microchannels. There is a drastic reduction in pressure drop

and pumping power when branching fractal-like channels are compared to their

straight counterparts.

2.3 Absorption Refrigeration

In this study, branching fractal-like microchannels are used in an application of

absorption refrigeration. Ammonia-water absorption refrigeration is receiving

renewed interest lately because the refrigerant (ammonia) has little or no

environmental impact. Protocols are in place to phase out all CFCs and HCFCs in the

next decades; new refrigerants are required to fill the place of the ozone depleting or

greenhouse gas-inducing refrigerants.

Another attractive aspect of absorption refrigeration is that the main input to

the cycle is heatso it may be operated on waste heat. Absorption cycles have



generally lower COPs compared to standard vapor compression cycles; however, if

the cooling is being accomplished by waste heat, the input can be considered "free"

and a comparison between cycle COPs may not be particularly reasonable.

2.3.1 Cycle Description

A diagram of a single effect ammonia-water absorption refrigeration cycle is

shown in Fig. 2.

5

Figure 2: Absorption refrigeration cycle



The cycle is markedly similar to a standard vapor compression cycle in the path from

the condenser to the evaporator. Hot, high pressure vapor (in this case the working

fluid is ammonia) enters the condenser where heat is removed, Q, and rejected at the

condenser and the fluid condenses to a liquid. The liquid is throttled through a valve

or orifice and enters the evaporator at a lower pressure. Heat is extracted at the

evaporator, Qe, and the working fluid evaporates. In a vapor compression cycle, this

vapor would be raised to a high pressure through a compressor, and moved back to the

condenser.

In an absorption cycle, the compressor is replaced with a group of components

referred to as a chemical compressor. These components (absorber, pump,

recuperator, desorber and rectifier) are shown to the right of the dashed line in Fig. 2.

In the chemical compressor, a secondary fluid (in this case water) is used to transport

the working fluid up to the high pressure as a liquid. Pumping a liquid uses less

energy than compressing a gas, which is one of the reasons absorption cooling is so

attractive. In the absorber, ammonia vapor is absorbed into a "weak solution," which

is an ammonia-water solution weak in ammonia. That solution, which leaves the

absorber (strong in ammonia), is pumped up to the desorber. At the desorber, heat is

added to the strong solution, which allows the ammonia to boil out of solution. The

liquid that is left (weak in ammonia) is throttled and flows back to the absorber. The

vapor that leaves the desorber is high in ammonia, but does have some water vapor as

well. The vapor concentration needs to be increased to avoid freezing water out in the

throttle or condenser. Water is condensed out in the rectifier and flows back (as
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reflux) to the desorber just before the throttle valve. The vapor leaving the rectifier

has generally more than 99% ammonia, is at high pressure, and enters the condenser to

complete the cycle. A recuperator, also known as a solution heat exchanger, heats up

the strong solution that goes to the desorber, and cools the weak solution heading to

the absorberresulting in a reduced heat load on both components and an increased

Cop.

The amount of electrical energy that goes into the system at the pump is

minimal compared to the thermal energy that enters the desorber. Because the main

input is thermal energy, absorption cooling is often referred to as "heat actuated

cooling."

2.3.2 Recent Research

Microscale technology lends itself particularly well to the absorption

refrigeration system. Currently there is much research going on at the two main

absorption components, desorber and absorber. Generally, desorbers are limited by

the amount of heat transferable to the strong solution, and absorbers are limited in the

amount of vapor mass transferable to the weak solution. In the 1 980s there was a big

push from the natural gas industry for absorption refrigeration. These systems were

gas fired at the desorber, and rather large. The current research scheme is to

miniaturize the absorber and desorber to take advantage of microscale heat and mass

transfer coefficients. Experimental measurements on binary, two-phase heat transfer
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coefficients in the microscale and performance characteristics of absorption

components are currently minimal in the field of research.

2.4 Scope and Objectives

The research presented here deals only with the desorber portion of the cycle.

It is a microscale, branching fractal-like heat exchanger that uses hot oil to transfer

energy to the strong solution. The scope of this study is to investigate the heat transfer

characteristics of the test device, as well as measure the ammonia-water desorption

characteristics. The objectives are as follows.

1. design, build and instrument a branching fractal-like micro scale desorber

2. measure globally

a. heat transfer rates

b. desorption rates

3. determine desirable operating conditions for the desorber

4. forecast operating conditions from heat inputs

2 LITERATURE REVIEW

This study is concerned with desorption characteristics resulting from heat

transfer between two flows: a single-phase oil flow in microchannels, and a two-

phase binary flow of ammonia-water within a separate set of microchannels. Both sets

of microchannels are fractal-like branching flow networks, separated by a thin wall



and directly aligned. A review of the research that led up to the current study is

described below.

2.1 Microscale Single-phase

2.1.1 Parallel Arrays

Research of flow and heat transfer characteristics in microchannels began with

Tuckerman and Pease [3]. A one-dimensional fin analysis showed that high aspect

ratio channels (especially in high conductivity materials such as copper) would

provide the best heat transfer coefficients for a given pumping power. In studies that

followed, the benefits of high heat transfer were shown, but high pumping power was

shown to be a drawback in parallel microchannels.

2.1.2 Branching Fractal-like Networks

Scaling laws modeled in West et al. [1] describe how material is efficiently

transported in various organisms in naturenamely tubes that branch in fractal-like

networks. These laws were used by Pence [2] to design heat sinks where the flow area

increases with each bifurcation or branching level. The increase in flow area allows a

lower required pumping power and a more uniform wall temperature distribution. A

one-dimensional model of a flow network was published by Pence [4], showing a 30%

drop in required pumping power between a parallel microchannel network and a

branching fractal-like network with identical convective flow areas, flow rates,

heights, and lengths. The comparison also showed wall surface temperature to be
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30°C cooler using a branching network for the same heat flux. The one-dimensional

model was validated in two works by Aiharbi et al. [5,6] using three-dimensional CFD

tecimiques. The validation upheld the 1-D model, employed in [4], assumption that

the hydrodynamic and thermal boundary layer redevelops at each bifurcation level. In

a heat sink analysis, surface temperature variation shown to be much less in a fractal-

like heat sink than a parallel channel heat sink for single phase flow [6].

22 Microscale Two-phase

2.2.1 Parallel Arrays

Heat transfer coefficients in macroscale flows are increased drastically when

liquid is boiled due to the significant latent heat of evaporation. Naturally, the next

step in investigating microchannel heat sinks was to boil the fluid as it flows through.

Many studies have been done in this field, comprising a wide range of channel

dimensions, Reynolds numbers, heat fluxes and fluids. A review of the state of

microchannel flow boiling [7] shows different flow regimes appear when boiling in

microchannels. Heat transfer coefficients and pressure drops vary considerably as a

function of vapor qualities and flow regimes. A more recent study [8] describes recent

modeling activity.

Pressure drop in microchannel flow boiling is of particular interest for two

reasons. Compared to single-phase flow, (1) two-phase flow has a larger pressure

drop and (2) potentially catastrophic flow instability have shown to be widespread in

parallel microchannel heat sinks. Qu and Mudawar [9] summarized existing two-
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phase pressure drop correlations and proposed their own model. Also described were

large amplitude pressure drop oscillations due to flow instability. In some cases, the

oscillations were so great as to have complete flow reversal, where vapor flowed back

to the inlet plenums. This condition could lead to dry-out, where heat transfer

coefficients suddenly drop and there is an abrupt rise in temperature. Heat transfer

correlations were summarized and a new pressure drop model proposed by Qu and

Mudawar [10,11] based on the annular flow regime observed by them and many other

researchers.

2.2.2 B ranching Fractal-like Networks

Combining the one-dimensional model from Pence [4], and the pressure drop

model from Qu and Mudawar [9], Daniels et al. [12] predicted pressure drop in

branching fractal-like microchannels. Compared to parallel channel arrays, pressure

drop and pumping power were lower in fractal-like branching networks. Flow

visualization studies were done by Cullion [13], showing that vapor moving upstream

was pushed back by downstream via an alternate unobstructed flow path after it

reached a bifurcation. No vapor moved far enough upstream to enter the inlet plenum.

2.3 Binary Two-phase Flow

A binary mixture is one that involves two miscible components, such as

ammonia-water. A plot of saturation temperature versus concentration is shown in

Fig. 3, where x = 0 represents pure water and x = 1 represents pure ammonia.
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Figure 3: Temperature-concentration plot for ammonia-water at 1 bar

Mixtures below the boiling line are liquid, and mixtures above the condensation line

are vapor, and mixtures on the either line are saturated. Mixtures within the boiling

and condensations lines are both liquid and vaporhowever, the concentrations of the

liquid and vapor are not the same and depend on temperature. Ammonia-water is a

non-azeotropic mixture because the boiling and condensation lines never meet

except at the pure substance limits, x = 0 and x 1. Azeotropic mixtures differ from

non-azeotropic mixtures because they behave as pure substances at critical

compositions. Detailed explanations of azeotripic mixtures can be found in [14].

Heat transfer coefficients for pool boiling of binary mixtures are available in

[14]. Experimental ammonia-water pool boiling heat transfer coefficients are
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provided in [151, and more recently in [161. The heat transfer coefficient is inversely

proportional to the difference in liquid and vapor concentration (a horizontal line

drawn between the boiling and condensation lines for a given temperature.) The heat

transfer coefficient for a binary mixture is always less than coefficients for the

individual pure species, and is at its minimum where the concentration difference is a

maximum. This is important to note because the design of heat transfer equipment for

absorption systems cannot be based on heat transfer coefficients for boiling pure

ammonia or pure water. The result would be a drastically undersized heat exchanger.

There is scant work done on macroscale flow boiling or forced convection

boiling of binary mixtures, and even less in microscale flow. Rivera et al. [17] studied

ammonia-water boiling heat transfer coefficients in a vertical tube 26 mm in diameter.

Heat transfer coefficients ranged from 3 to 5 kW/m2°C. Heat transfer coefficients for

40% ammonia-water solution were approximately 25% less than for a 44% solution.

Peng et al. [18] boiled methanol-water solution in parallel microchannel arrays

of varying channel geometries. Their findings indicate mixtures with small

concentrations of volatile component (i.e. lower saturation temperature) augmented

heat transfer, while large concentrations decreased heat transfer. Based on these

findings, Peng et aL [18] concluded, contrary to macroscale binary flows, that a

maximum heat transfer coefficient exists for the non-azeotropic methanol-water

mixture. Local maxima heat transfer coefficient are only possible in azeotropic

mixtures [141.
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2.4 Desorption

A desorption process is one were a binary liquid is heated and vapor with

concentration high in volatile component is extracted. Desorption should not be

confused with evaporation because, unlike evaporation, desorption is not an

isothermal process at a given pressure. Descriptions and tools for designing

absorption systems are contained in [19]. However, there is little literature describing

design methodology for desorption components. Cao and Christensen [20] compared

binary heat and mass transfer with those for a pure fluid in an ammonia-water

generator-absorber heat exchange (GAX) cycle absorber/desorber heat exchanger.

Their results agreed with ammonia-water pooi boiling results [15, 16] in that

components designed using binary fluids would need 57% more heat transfer area

compared to the same component sized using pure fluid boiling heat transfer analysis.

A binary fluid analysis by Vicatos and Gryzagoridis [21] show a way to examine the

comparative sizes of the desorber, rectifier, and recuperator using a graphical method

agreeing with heat balances and assumptions in [19].

An investigation of a minichannel counter flow desorber was done by

Determan [22]. The desorber was heated with glycol in 1.1 mm tubes. The goal was

to demonstrate the heat load required for a residential application. The device was

tested over a range of strong solution flow rates and heating fluid flow rates. Overall

heat transfer coefficients were measured between 388 and 617 W/m2K, and heat duty

(amount of heat transferred to the desorber) was measured from 5 to 18 kW.
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A preliminary study of desorption in a microscale fractal-like branching

channel heat sink was done by Cullion et al. [23]. Strong solution flow rate and heat

flux were varied. Vapor mass flow rate increased and vapor mass fraction decreased

with increasing heat flux for a fixed strong solution flow rate. For a fixed heat flux,

refrigerant mass fraction increased and refrigerant flow rate remained approximately

constant with increasing strong solution flow rate.

The microscale fractal-like network allows for high heat transfer, as is required

for desorption with a lower pressure drop penalty than in parallel channel arrays.

Although a two-phase boiling flow code is available for predicting pressure drop and

heat transfer in a branching channel heat sink, it is currently limited to pure water [12].

Recall that design of an absorption system component based on pure fluid phase

change is unacceptable because it would lead to an undersized component. Therefore,

testing is required to determine the heat transfer properties of the desorber because

there are no heat transfer data available on microscale desorption devices. Rather than

the electrically heated desorber in [23], an oil heated desorber would allow the

desorption process to be driven by waste heat, such as off the exhaust of an internal

combustion engine. However, heat transfer studies need to be done to see how much

oil, and at what temperature, is needed to deliver the required amount of heat to

actuate the desorption process. A model predicting desorption characteristics (such as

vapor flow rate and vapor mass fraction) from heating inputs would allow

straightforward actuation of an absorption refrigeration cycle.
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3 EXPERIMENTAL APPARATUS AND DATA ACOUISITION

Experiments were performed in the Micro scale Transport Enhancement

Laboratory at Oregon State University. A microscale, branching fractal-like desorber

was enclosed within an instrumented manifold and plumbed into an experimental flow

loop. Data acquired in the manifold and flow loop characterize desorption and heat

transfer in the heat exchanger. The desorber, manifold and flow loop are described in

detail in this chapter.

3.1 Fractal-like Desorber

The desorber is the main focus of the research. It consists of stainless steel

layers bonded together, forming two separate flow paths: one for heat transfer oil and

the other for an ammonia-water solution. A schematic of the desorber is shown in

Fig. 4.

00
0

Figure 4: Oil heated ammonia-water desorber schematic



The desorber is a heat exchanger in which the hot oil transfers heat to the ammonia-

water side through a thin wall. Strong ammonia-water solution enters the desorber,

gains heat from the oil, boils, and exits the desorber as a two-phase weak solution

liquid and a refrigerant vapor.

3.1.1 Geometry

Isometric exploded views of a three dimensional model of the desorber disk

are shown in Fig. 5.
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Figure 5: Isometric exploded views of microchannel desorber
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Layers in Fig. 5 are labeled from 1 on the top to 5 on the bottom. Strong ammonia-

water solution enters the bottom of Fig. 5 at layer 5, and flows radially through the

desorber channels (comprised of layers 4 and 5). While in the desorber channels, the

strong solution boils into a mixture of weak solution and vapor, and exits the desorber

at the periphery of the disk.

Hot oil enters the inlet at the top of Fig. 5, flows down through layers 1, 2 and

3, impinges onto layer 4 and flows radially in the oil channels (comprised of layers 3

and 4) until it reaches an annular plenum. From the annular plenum, the oil flows

through passages at the outer edges of layers 2 and 3 that are isolated from the oil

coming in. The oil is collected in a large plenum machined in layer 1, and from there

is removed from an exit port. A pocket of air, located between layers 2 and 3,

separates the cooler exiting oil from the hot oil entering. While flowing through the

microchannels, the oil is exchanging heat with the strong solution, causing the latter to

boil. The streams depicted in Fig. 5 are both traveling the same way, center to

periphery, so the heat exchanger is classified as "parallel flow." All of the

experiments were configured ii this way.

The channel geometry shown in Fig. 5 is the same as the single "tree" shown

in Fig. 1. From the inlet, short wide channels branch into two longer, narrower

channels. The branching continues four times. The channel geometry was designed

using Eqs. (1) and (2), with f = 0.71 and y = 1.4. The designed height for the channels

was 150 tm. Nominal design and actual channel dimensions are provided in Table 1.



19

Table 1: Designed and average measured channel dimensions

k
Designed width

(tm)
Measured width

(tm)
Measured height

(tm)
0 428 532±32 205± 13
1 283 361±11 170±8
2 200 271 ± 15 168 ± 10
3 141 219±19 158±9
4 107 177±19 144±8

The measurements were done optically with a confocal microscope and a stage

with 1 tm graduations for the width measurements, and a lab jack with 10 pm

graduations for the height measurements. The somewhat large width uncertainties are

due to the large variation from channel to channel. The channel dimensions are

generally larger than designed, the reasons for which are described next.

3.1.2 Manufacture

The desorber was made from 3 16L stainless steel for its ease of bonding, ease

of machining, and corrosion resistance to ammonia-water. Layers 3, 4, and 5 of Fig. 5

are 400 tm thick sheets, into which the channel geometry was photochemically etched

by Thin Metal Parts, located in Colorado Springs, CO. Layers 1 and 2 are machined

from 2.5 mm plate stock by ProMachine and Engineering, also located in Colorado

Springs, CO. The layers were bonded together with a diffusion bonding technique at

Refrac Systems, in Chandler, AZ. The finished desorber is approximately 38 mm in

diameter and 6.4 mm thick.
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Because tubes could not be connected directly to the ports on the top and

bottom, stainless steel bosses were furnace brazed to the inlets and outlet of the

desorber. Likewise, stainless steel tubes were brazed to these bosses, allowing easy

plumbing to and from the test section. Braze alloy Nicrobraz 51 from Wall Colmonoy

Corp. was chosen for its high Chromium content (providing high ammonia-water

corrosion resistance) and low brazing temperature. Desorber layers were etched,

machined and bonded in sets of three. A three fold increase in bonding yield was

achieved with the three disk configuration. Figure 6 shows an exploded view of the

layers as they were bonded, including the bosses, which are shown on the top. Once

bonded and brazed, the individual disks were cut apart with a computer controlled

wire electro-discharge machining system.
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Figure 6: Desorber layers as bonded

The channel geometry and material used in this study pushed the limits of what

is available in photochemical etching process. Channels can only be etched into

stainless steel approximately 75% as deep as the narrowest channel. Therefore, the
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channels were formed by etching on two separate mirrored channel images. These

images needed to be aligned to a high degree of accuracy to construct the

microchannel network. The terminal channel width (107 .tm nominal) dictated the

150 tm channel nominal height. Channel widths shown in Table 1 are generally

wider than their target dimensions, likely because etching time was dictated by the

terminal channel width and depth. Desorber layers were aligned for bonding with

techniques proprietary to Refrac Systems.

Setbacks in desorber manufacturing occurred when the microchannel layers

were not properly aligned. Figure 7 shows a photograph of the ammonia-water

channel outlets in a misaligned desorber.

Figure 7: Misaligned channel outlets

The channels in Fig. 7 were misaligned such that channels on the bottom layer became

filled with material from the layer above. The result looks like a zipper. Channels

were blocked and the desorbers were unusable.
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3.2 Test Manifold

As described above, weak solution and refrigerant vapor leave through channel

exits in the periphery of the desorber disk. The test manifold serves numerous

purposes in the experiment, including keeping unpleasant ammonia-water solutions

out of the laboratory. A schematic of the test manifold is shown in Fig. 8.

U

Figure 8: Test manifold schematic
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3.2.1 Design

The materials comprising the manifold were dictated by material compatibility

and temperature constraints. The top and bottom caps are Teflon, a material inert to

ammonia-water solutions, which has an operating temperature up to 260°C. A 6 mm

wall thickness acrylic tube serves as the wall of test manifold, allowing viewing of the

hold-up liquid level within. The acrylic is also inert to ammonia-water up to

temperatures of 90°C. Silicone 0-rings are used to seal the vapor and liquid from the

ambient. Fittings for the oil lines are made of PEEK because of its high temperature

limit. Polypropylene and stainless steel fittings were used for ammonia-water

connections.

The manifold serves foremost as a flash chamber and gravity driven separator

for the weak solution and vapor. The heated mixture leaves the desorber as droplets,

jets and bubbles; flow impinges against the acrylic wall, and is collected in the bottom

of the manifold. A relatively fixed mass of weak solution (referred to as a hold-up

volume) remains in the manifold throughout the experiment. The refrigerant vapor

and hold-up volume of weak solution are in thermodynamic equilibrium at the

interface between the two fluids, an important condition for calculating the vapor mass

fraction. In absorption cycle literature, desorbers are classified as "co-flow" and

"counter-flow". The experimental desorber is co-flow because the weak solution is at

equilibrium with the refrigerant vapor in the separator. This should not be confused

with a heat exchanger classification such as "parallel-flow" where the streams travel in

the same direction. In contrast, a counter-flow device is one where the strong solution
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is in equilibrium with the refrigerant vapor. Vapor leaves through a port in the top cap

and liquid leaves through a port in the bottom cap. The hold-up volume level is

important because it must be held constant over the experiments to maintain steady

state conditions and to get an accurate mass balance (see operating procedure and data

analysis sections.)

3.2.2 Instrumentation

The manifold is instrumented near the vapor outlet with a 1/16" diameter

grounded, shielded K-type thermocouple temperature probe and a pressure sensor to

measure the vapor temperature and manifold pressure respectively. An RTD

temperature sensor measures the temperature of the weak solution hold up volume.

An RTD is also used to measure the solution temperature as it enters the desorber.

Thermocouple sensors (of the same type as above) are also mounted to the inlet and

outlet oil tubes to measure the temperatures of the oil streams.

3.3 Flow Loop and Instrumentation

The experimental facility for this study provides heat transfer oil and

ammonia-water to and from the test manifold via two separate loops. A schematic of

the experimental flow loop is shown in Fig. 9.
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Figure 9: Experimental flow ioop

Experimental data were measured with sensors in the flow ioop and manifold, and

read into a personal computer and recorded. Measured values include temperature,

pressure, density, and mass flow rate on the ammonia-water side and temperature,
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pressure, and mass flow rate on the heat transfer oil side. At the inlet and outlet of the

ammonia-water side, three independent intensive properties are needed to determine

the concentration of ammonia: pressure, temperature and density.

3.3.1 Oil Sub-loop

Heat transfer oil, from a constant temperature heating bath, was pumped

through a filter and volume flow meter, and enters the desorber. After the test section

the oil returns to the bath. The flow rate was controlled by needle valves: one on the

return side and one in a bypass loop directly downstream of the pump. The variable

pump drive also provided flow control. The ioop has bypass lines so the pipes,

instruments and valves can be heated up without flowing oil through the test section.

All temperature measurements on the oil side were accomplished with 1/16"

diameter grounded, shielded K-type thermocouples. The density and viscosity of the

oil are very strong functions of temperature, so temperature was measured at the flow

meter for calibration purposes. Oil temperatures were read into a cold-junction

compensated data acquisition board as an analog voltage signal.

Pressure measurements were taken up and downstream of the test manifold to

determine the pressure drop across the oil side channels. Pressure drop is not used in

any calculations; however, it is used to compare devices and size equipment for

further development. Oil pressure measurements were read into the data acquisition

board as analog voltage signals.



Oil flow rate was measured by a turbine volumetric flow meter. The meter

came pre-calibrated for air; however, calibrations at set operating oil temperatures

allowed for accurate oil mass flow rate measurements. Oil flow rate is a parameter in

the study, as well as a means of calculating heat transferred from the oil. The flow

meter output was read as an analog voltage signal by the data acquisition system.

3.3.2 Ammonia-water Sub-loop

The ammonia-water sub-loop was designed to measure and transport solution

to and from the desorber. All tests were performed under a pressure of 1.40 bar in the

separation chamber of the test manifold. The reason for this was primarily safety

issues with running ammonia-water solutions at the 25 bar pressure of actual

ammonia-water absorption refrigeration cycles.

Before any experiments were run, 30% ammonia-water was pumped from a

holding tank into a bladder tank. A surge tank was pressurized with house air that was

filtered and regulated to 6.5 bar. The bladder tank was pressurized by the surge tank

and regulated to a constant 2.3 bar. A line from the top of the bladder to the liquid

collection tank was used to purge the liquid of any vapor within the bladder.

The pressurized strong solution flowed from the bladder tank through a filter.

Measurements were made to determine ammonia concentration before the test

manifold. After the strong solution was heated and boiled, the resulting vapor left the

separation chamber in the manifold, the rate of which was regulated by a needle valve.

Any condensation of the vapor in the lines was captured at the liquid collection tank,



and all resulting vapor piped to a fume hood and vented outside. Weak solution

drained from the test manifold and was cooled down to 21°C in a chiller tray before

measurements were made to calculate the ammonia concentration after the desorption

process. The correlations to determine ammonia concentration have temperature

dependent bias, so the weak solution is cooled down to the temperature of the strong

solution. Ammonia-water solution flow was controlled by needle valves up and

downstream of the test manifold.

Experimental temperature measurements on the ammonia water side were

made with resistance temperature devices (RTDs). Temperature measurements were

made close to the mass flow meters to calculate concentration. Measurments were

also made directly upstream of the desorber for use in an enthalpy calculation and in

the hold-up volume as a check for equilibrium. The RTD measurements were read

into a multimeter with an RTD reader card.

Pressure was measured for concentration measurements and to determine the

pressure drop across the microchannels. Transducers close to the mass flow meters

were used to calculate concentration. Pressure measurements are also taken directly

before the test manifold and within the test manifold. A transducer at the inlet to the

desorber was used to calculate inlet enthalpy and, along with a transducer in the

separation chamber, total pressure drop. The transducer in the manifold was also used

to determine saturation conditions at the outlet of the desorber. Ammonia-water

pressure measurements are read into the data acquisition board as analog voltage

signals.
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Coriolis mass flow meters, upstream and downstream of the test manifold,

were used to measure mass flow rate and density simultaneously. Density

measurements were used along with pressure and temperature to determine solution

concentration. The density output of the mass flow meters is a 4-20 mA current;

therefore, a known resistance was placed between the terminals, and the current was

measured as an analog voltage signal at the data acquisition board.

Strong solution flow rate was a parameter in this experiment, and so was

closely monitored. The difference between the strong solution and weak solution flow

rates gave the rate of vapor produced in the desorberan important measurement to

quantify desorption characteristics. Mass flow meter output is a frequency signal.

The frequency of the signal correlates to the fluid flow rate. Frequency is measured

by the data acquisition board through the digital counter input.

3.4 Test Plan

A test plan was devised to determine ammonia-water desorption and heat

transfer characteristics of the branching, fractal-like microchannel desorber. There are

three parameters for the study: oil temperature, oil mass flow rate, and strong solution

flow rate. Manifold pressure was kept as close as possible to constant throughout the

study, so the effects of saturation pressure on the heat transfer and desorption

characteristics was not examined. Heat transfer characteristics were calculated from

flow rates and enthalpy values calculated from temperature, pressure and density.
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Desorption characteristics were determined from flow rates, saturation conditions and

concentrations.

Two test conditions were considered: one with strong solution flow held

constant, and one with oil temperature held constant. Oil flow rate was varied for each

of these conditions, as noted in Tables 2 and 3. The 80°C, 10.0 g/s experiment was

neglected due to high pressure drop across oil channels.

Table 2: Constant strong solution flow rate (0.417 g/s) test plan

Nominal_Oil_Temperature (°C)
80 100 110 120 130

1.67 x x x x x
2.50 x x x x x
3.33 x x x x x
5.00 x x x x x
6.67 x x x x x
8.33 x x x x x
10.0 x x x x

Table 3: Constant nominal oil temperature (120°C) test plan

Strong Solution Flow
Rate
(g/s)

0.583 0.750 0.917
3.33 x x x
5.00 x x x
6.67 x x x
8.33 x x x-.

0 10.00
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3.5 Data Acquisition

Experimental data were acquired and stored using National Instruments

Lab VIEWTM software. The flow loop parameters were monitored and controlled until

the system reached steady state, as determined by temperature, pressure and density

varying by less than 1%.

3.5.1 Repetition and replication

Data were gathered in repetitions and replications. Approximately every 60

seconds, a replication was completed. Within each replication, there were a number of

repetitions depending on the instrument. For example, all analog voltage

measurements (density, thermocouple temperatures, pressure, and oil flow rate) were

recorded at a rate of 1000 Hz for tO seconds, yielding a total of 10,000 measurments.

On average, each experiment involved approximately 20 replications.

The Coriolis mass flow meters, operating in frequency output mode, work by

transmitting a 0.8 V peak to peak digital signal. The signal frequency is correlated

directly to the mass flow rate. The data acquisition board measures the digital signal

by counting the number of pulses during an "open gate" of 0.25 s. This process is

replicated 40 times to give the mass flow rate measurement. A multimeter with a

temperature reader card was used to read resistance temperature measurements. Seven

temperature repetitions were taken for each replication and stored in the multimeter

memory. The measurements were read into LabVIEWTM via a general purpose

interface bus (GPIB) connection.
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The average and standard deviation of the repetitions were stored in a

spreadsheet for each replication. The replication data were reviewed for variations in

time, and averages of replications were reported as the measured value.

3.5.2 Raw Data Conversion

Raw voltage data were assigned physical units using calibration curves.

Pressure transducers, thermocouples, and the oil flow meter were calibrated to

laboratory standards. The standard error of the fit was reported as the calibration

uncertainty. Density and ammonia-water solution mass flow rates were determined

with pre-calibrated Coriolis mass flow meters. Two-point checks were used to

validate uncertainty of these instruments. For mass flow and density, manufacturer

reported uncertainties were used. Calibration equations and uncertainties are located

in Appendix 6.

3.6 Operating Procedure Summary

A standardized operating procedure was used for safety and for uniformity of

data collection. The goal of each experimental run was to collect data at steady state,

where steady flow is defined when three conditions are simultaneously met. The hold

up volume in the test manifold, the manifold pressure, and the flow loop temperatures

are not changing with time.

A warm up procedure gets the oil sub-loop up to operating temperature. After

oil in the bath reached operating temperature, oil was pumped through the sub-loop to

warm up the insulated lines. At the same time, the cold water bath was turned on, and
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the chiller tray was allowed to come to temperature. The chiller tray was kept at

approximately 19°C throughout the experiments to cool the warm weak solution back

to room temperature.

The ammonia-water solution was flowed through the test manifold before the

oil. The moment oil entered the desorber, boiling occurred in the desorber resulting in

an immediate increase in separator chamber pressure. As hold-up volume

accumulated in the manifold, the flow rates of incoming and outgoing streams are

adjusted to keep the hold-up volume steady. After all of the temperatures in the flow

loop reached a condition of steady state and the hold-up volume is unchanging, data

replications were gathered for approximately twenty minutes.

The hot oil was turned off first when shutting down the experiment.

Ammonia-water was allowed to flow through the desorber to cool it down until all

boiling had ceased. The desorber is rinsed with dc-ionized water after each shut

down. This minimized the potential for corrosion of the stainless steel desorber. A

detailed list of operating procedure steps is included in Appendix 2.



35

4 DATA ANALYSIS AND REDUCTION

To obtain the desired heat transfer and desorption data, the measured data must

be reduced from values such as temperature, pressure, density and flow rate. In this

chapter, rates of heat transfer are calculated from global measurements from both

ammonia-water streams and oil streams. Heat exchanger analyses will be described

and overall heat transfer coefficients calculated. Uncertainty analyses are conducted

to estimate the experimental uncertainty of the data.

4.1 Ammonia-water

To determine the amount of heat transferred to the ammonia-water solution,

enthalpy values must be obtained. In this section, the path from measured

temperature, pressure and density values to calculated concentration and saturation

values will be described. Figure 10 shows the desorber as a black box, with all

streams of mass and energy crossing the control volume boundary.

®(v)

Desorber

I O)

Figure 10: Desorber state nomenclature

Thermal energy (Q) and strong solution in liquid phase (stream 1) enter the desorber;

vapor rich in ammonia (stream 2) and weak ammonia solution in liquid phase (stream
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3) leave the desorber. Each stream has an enthalpy and flow rate that can be

determined from measured data. The NH3H2O external routine in Engineering

Equation Solver (EES) software, which employs the ammonia-water correlations

reported by Ibrahim and Klein [24J, was used in this study. The routine accepts input

for three independent intensive properties to fix the state of the mixture. The

correlations are applicable to subcooled liquid, saturated solutions, and superheated

vapor.

4.1.1 Mass and Energy Balance

A mass balance on the control volume shown in Fig. 10 is

An ammonia mass balance yields:

m1 = m2 + m3 (3)

x1rh1 =x2th2+x3th3 (4)

where x represents the mass fraction of ammonia relative to the solution defined by

Defining a "circulation ratio" (f):

mNH3
(5)

rnHO +rnNH

fL (6)
m2
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gives a parameter that represents the mass flow rate of strong solution per mass flow

rate of vapor created. The circulation ratio can also be written in terms of

concentration by combining Eqs. (3, 4, and 5)

fX2X3
(7)

xl -x3

An energy balance on the control volume shown in Fig. 10 yields:

QD = th2h2 + th3h3 th1h1 (8)

where QD is the amount of heat added to the desorber. Dividing by the vapor flow

rate, m2, and rewriting in terms of the circulation ratio, f, leaves

qD =h2h3+f(h3h1) (9)

where qD is the amount of heat added to the desorber per unit mass flow rate of vapor.

4.1.2 Enthalpy

Enthalpy values were calculated from concentration, temperature and pressure.

Temperatures and pressures used to calculate enthalpy values are measured as close to

the incoming and outgoing streams of the desorber as possible. Inlet temperature and

pressure (T1 and P1) are measured approximately 15 and 30 cm upstream of the heat

exchanger, respectively. Stream 3 is a saturated solution, so its pressure is measured

in the separation chamber, and a saturation temperature is used (see § 4.1.4). Liquid

enthalpy values are calculated as:

h1=T(T1,P1,x1) (10)
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The EES function "3_hsol" is represented by i Vapor enthalpy is a calculated from

the saturation temperature and pressure of the separation chamber, which is a function

of the weak solution concentration, x2

= 11(Tsat '1sat ,Saturated Vapor) (12)

4.1.3 Liquid Concentration

As stated in the experimental data section, pressure, temperature and density

were measured for the inlet solution stream and the outlet solution stream. Because

EES is not designed to calculate states directly from T, P and p; an iteration scheme

was devised to determine the concentration. The procedure, called "awx_proc", is

included in Appendix 3. Specific volume, rather than density, is used in BES so liquid

concentration can be calculated from

v=! (13)
p

The mass fraction of the strong (inlet) solution could then be determined from

x1 (14)

Likewise the mass fraction of weak (outlet) solution was determined from

x3 = (15)
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Above, refers to the iterative function and "in" and "out" refer to measured

quantities. Concentration does not change anywhere in the flow loop except at the test

manifold; therefore so Xl and X3 need not be calculated directly up and downstream of

the desorber. Temperature and pressure were measured approximately 8 cm upstream

of the Coriolis mass flow meters.

4.1.4 Saturation Temperature

As described in § 3.2.1, the vapor and weak solution were assumed to be in

equilibrium at liquid-vapor interface at the hold-up volume side in the in the test

manifold. Because X3 is computed and the test manifold pressure are measured, the

saturation temperature at the desorber exit was calculated

Tsat 't(Psat , x3 ,Saturated Liquid) (16)

where 'r is the routine "1_Tsat" in EES (see Appendix 3). Due to the separator

chamber configuration it acts as a flash chamber. Therefore the two streams were

assumed to be saturated. Temperature measurements are made at the top and the

bottom of the manifold, measuring the vapor and weak solution temperature,

respectively. However, typical temperature differences of 10 to 15°C existed between

these two measurements. The liquid temperature was low because of the liquid

cooling off in the hold up volume, and the vapor temperature was high because of the

hot oil tubes in close proximity to the vapor temperature probe. Therefore , neither of

those temperatures were used in enthalpy calculations. As energy balances were

calculated around the desorber, not the test manifold, the saturation temperature was



used to calculate the enthalpies of streams 2 and 3. Figure 11 shows the liquid, vapor,

and saturation temperatures for some representative test cases.
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Figure 11: Saturation temperature compared to measured temperatures

It is clear that Tliquid < Tsat < Tvapor for all of the cases, so the assumption that streams 2

and 3 are saturated at the desorber exit is reasonable. The saturation temperature

approaches the vapor temperature at high oil flow rates.

4.1.5 Vapor Concentration

Vapor concentration was computed assuming that vapor was in equilibrium

with the weak solution hold up volume. The vapor concentration (x2) was calculated

from

x2 =X(Tsat 'sat ,Saturated Vapor) (17)



41

where the EES function "2_Xv" is represented by x

4.2 Oil

An energy balance on the amount of heat transferred out of the oil is compared

with the amount of heat transferred into the ammonia-water solution. The heat

capacity of the oil is reported as a function of temperature by the manufacturer (see

Appendix 5. The heat transferred from the oil is calculated from

QD OJpT (ThO -Th) (18)

The specific heat is evaluated at the mean of the inlet and outlet temperatures, T1 and

T0 respectively. The variation in cp is linear with temperature, so evaluating it at the

average temperature is reasonable.

4.3 Heat Exchanger

4.3.1 Log Mean Temperature Difference

With the amount of heat transferred known, heat exchanger properties can be

gleaned. It is customary to use a log mean temperature difference to quantify the

overall heat transfer coefficient [19,22] when sizing a desorber. The equation

representing the amount of heat transferred from the oil to the ammonia-water solution

in the experimental manifold is

QD = (UA)LMTD (19)

where



(Th, -TC)-(ThO T0)LMTD (20)

(Th, T)
1fli

where the subscripts h and c represent hot and cold respectively, and i and o represent

inlet and outlet respectively. In Eq. 16, UA represents the overall heat transfer, U,

coefficient multiplied by the heat exchanger area, A. The log mean temperature

difference (LMTD), as defined in Eq. (20), is the driving potential to transfer heat

from the oil to the ammonia-water solution. The derivation of Eq. (20) is provided in

Incropera and DeWitt [25]. The temperatures listed in Eq. (20) are all measured

values, and Qo can be determined from an ammonia-water energy balance. Therefore,

UA can be computed directly from

UA= QD
LMTD

4.3.2 -NTU Analysis

(21)

An alternative to sizing a heat exchanger using the LMTD technique is with an

effectiveness number of heat transfer units analysis, as described in Kays and

London [26. The advantage of the -NTU analysis is the ease with which a designer

can size a pure-fluid heat exchanger quickly. In this section, an overview will be

presented, followed by an application to desorption. Figure 12 shows a schematic of a

simple parallel-flow heat exchanger.
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Figure 12: Generic parallel-flow heat exchanger schematic

In Fig. 12, the subscripts are the same for the Eq. (20). For an ideal heat exchanger,

the amount of heat transferred from one stream to another can be written as a steady

flow version of the heat equation for each fluid. If the fluids do not change phase and

have constant specific heats, the heat equations are

for the hot stream and

q_-ch(Th ThO) (22)

q zC(T T1) (23)

for the cold stream. Here the quantity of heat capacity rate, defined by C = thc, is

used. The effectiveness of a heat exchanger is defined by the amount of heat

transferred divided by the total heat transfer possible

Qmax

(24)

It is shown in [25,26] that Qrnax is defined by the heat transferred within an infinite

area, counter-flow heat exchanger. The quantity Qmax is defined as the minimum of

the two heat capacity rates (C) times the maximum temperature difference



Qmax =C(Th-TC) (25)

The effectiveness of a heat exchanger is generally plotted as a function of Cmin/Cmax

and the number of transfer units (NTU), which is defined as:

NTU=-
Cmin

(26)

The advantage of this analysis over LMTD is the ability of an engineer to know the

heat transfer performance from the c-NTU relationship and the flow inputs Th,1, T,1,

Ch, and C. Heat transfer sizing calculations using a log mean temperature difference

analysis tend to involve iteration, and could potentially have singularities when

iterating when the exit temperature is not known.

Special cases of c-NTU arise when the heat exchanger is an evaporator or

condenser. The proviso of Eqs. (22) and (23) state that the fluids are to have no phase

change; however, c as defined by h/T for an evaporation or condensation process

approaches infinity. Therefore, no matter what the single-phase flow rate, the single-

phase heat capacity rate would be the minimum. The effectiveness would then be only

a function of NTU. An analytical dependence of c to NTU when Cn/Cmax = 0 is

shown in Kays and London [26] to be

= 1exp( NTU) (27)
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4.3.3 Application to Desorption

The desorber is a heat exchanger with a hot single-phase fluid, and two-phase

flow of a binary mixture. The ammonia-water solution does not evaporate at a

constant temperature, as do pure fluid isobaric evaporations, in which case the specific

heat may not tend toward infinity. Herold, Radermacher and Klein [19] note the

problem and suggest using the heat capacity rate of the single-phase flow as the

minimum for c-NTU analyses.

The log mean temperature difference is a mean temperature used to allow a

UA to be calculated from measured or required temperatures and amount of heat

transferred. Two of the stipulations on the calculation of the LMTD are constant

specific heat and constant overall heat transfer coefficient [25]. A nonlinear

dependence of enthalpy on temperature, as described in Schaefer and Shelton [27],

leads to undersized heat exchangers based on an LMTD. They propose a numerically

determined mean temperature based on a pinch point analysis for ammonia water

condensers. Findings also include the error in using LMTD increases drastically for

very high mass fractions, such as those found in the evaporator and condenser.

However, most absorption literature [19,20,22] mention no problems, and use the

LMTD as described in Eq. (20).



4.4 Theoretical UA estimation

An estimation of the overall heat transfer coefficient for a given experiment is

possible with heat exchanger and extended surface analyses. The overall heat transfer

coefficient is the inverse of the resistance to thermal heat transfer

where

(28)

Rth,I0 = Rh +Rn +R (29)

and where the overbar represents an area-weighted average. The area-weighting is

necessary because the heat transfer coefficients change drastically at each branching

level. The resistances are represented in Fig. 13.

Figure 13: UA estimation schematic
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The weighted area scheme breaks the fractal-like branching flow network into "rings"

of areas represented by their respective branching level, k. Convective resistances are

averaged by taking the sum of the products of the branching level's resistance and

area, and dividing by the total disk area

k =4

Rh =-i--(Rh)kAIk (30)
A k=O

k=4

ic =±-I(RC)kAtk (31)
A k=O

where Rh and R are hot side and cold side convective thermal resistances,

respectively. The conductive thermal resistance occurs in parallel, so the total area of

the heat exchanger disk is used

L
Rwaii =

disk

(32)

The thermal resistances are calculated with an extended surface analysis [25 and 26J.

A summary of the analysis is shown in Appendix 4.

4.5 Uncertainty

An uncertainty analysis of the experimental data and subsequent calculations

was done. The data uncertainty was divided into a precision error and a bias error.

The uncertainty of computed values was estimated using the Kline-McClintock

method or sequential perturbation [28].



4.5.1 Precision Error

The determination of the precision error was accomplished by using pooled

statistics [28]. The 95% precision error (un) is written as

up = tM(NI)95%S) (33)

where t is the Student t distribution for 95% confidence and a degree of freedom of

M(N- 1), if M is the number of replications (indexed by j) and N is the number of

repetitions (indexed by i). Recall that the repetitions are the number of data points in a

raw data set, which for pressure acquired at 1000 Hz for 10 seconds yield 10,000

measurments. The replications indicate the number of times the repetitions were

repeated, generally 20 per experimental data point. The value (Sf) represents the

pooled standard deviation of the means, which is calculated from:

(Sx)

yMSx
j=1 (34)

MN

where S is the standard deviation calculated for each replication. The mean value

reported for each experimental data point is a pooled mean:

MN
(35)

which can be construed as the "average of the averages."



4.5.2 Bias error

The bias error in a measurement is estimated by the calibration error.

Calibration error is defined in this study by

UC = tV95%S) (36)

where v is the number of degrees of freedom of the fit, and S,, is the standard error of

the fit defined by:

IN

Ci /

i=1 (37)
V

where yi-yci is the difference between actual data, y, and data calculated from a

regression fit of N data points and polynomial order m, Yi. The number of degrees of

freedom in Eqs. (36) and (37) is

v=N(m+1) (38)

The estimate of the true measured value (x') is

where

x'=()±u (95%) (39)

uX=%ju+u (40)

Calibration errors for the density and ammonia-water solution mass flow rate are taken

as the Coriolis mass flow meter manufacturer reported uncertainty.
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4.5.3 Propagation of Error

The error in calculated values is estimated with the Kline-McClintock relation

[28]. For a function, R, of L different independent variables

R=f(xl,x2,...,xL) (41)

and uncertainty estimates Ux2,.. . ,UxL, the uncertainty in R, UR, is

UR

2

(42)
xi )

For calculated values where partial derivatives are unknown, such as concentration, or

for cumbersome derivatives, such as for the log mean temperature difference, the error

propagation was determined by the sequential perturbation method [28].
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5 RESULTS AND DISCUSSION

As stated in Chapter 3, data were taken under two separate fixed conditions:

constant strong solution flow rate and constant nominal oil temperature. Oil flow rate

was varied in both cases. Concentrations of ammonia within the various streams are

reported and simply referred to as concentrations.

5.1 Parameter Ranges and Uncertainty

The pressure in the separation chamber of the test manifold was kept

nominally at 1.25 bar with an uncertainty ±0.05 bar; however, the pressure varied

from experiment to experiment by ±0.15 bar. Assuming a constant weak solution

concentration, this range of pressure resulted in variations of the saturation

temperature by ±3.3°C. The strong solution concentration was calculated to be

between 30.4% and 31.1% over the course of testing. Concentration decreased slowly

over time, likely due to venting of vapor from the supply drum resulting from poor

room temperature control.

For the constant strong solution flow rate cases, the nominal flow rate was

0.420 g/s, with an uncertainty of 1. 17x10 g/s; however, values varied ±0.0045 g/s

from test to test. Oil flow, with an average uncertainty of 0.007 g/s, was varied from

approximately 0.15 to 1.0 g/s. In addition, L\Tmax was varied parametrically with

nominal values of 50, 72, 82, 90, and 100°C for each flow rate. The test conditions for

constant strong solution runs are provided in Table 2. Temperatures were difficult to

keep constant from experiment to experiment and reported values varied by ±3.0°C for
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ATmax = 100°C cases and by ±4.8°C for ATmax 5 0°C. These variations are much

greater than the calibration and precision uncertainty of 0.3°C.

For constant nominal oil temperature tests, the temperature value was

maintained at 120°C, varied ±7°C from test to test, with an average uncertainty of

0.3 K. Strong solution was varied parametrically at values of 0.42, 0.58, 0.75, and

0.92 g/s. The maximum uncertainty is ±0.003 g/s over the range of oil flow rates

provided in Table 3. In this chapter, plots characterizing ammonia-water desorption,

heat duty, and heat exchanger performance for both test conditions are provided.

5.2 Ammonia-water Desorption

5.2.1 Concentration

Characterizing the output concentrations of the desorber is very important to

cycle designers who may want to utilize an oil-heated fractal-like branching

microchannel desorber. Ammonia concentrations of the weak solution (stream 3 in

Fig. 10) as a function of oil flow rate are shown in Figs. 14 and 15, for varying ATmax

and varying strong solution flow rate, respectively. Instead of nominal oil

temperature, the temperature difference between the strong solution inlet and the oil

inlet, referred to as ATmax is reported. The strong solution inlet temperature is constant

room temperature throughout the experiments. The sensors used to measure these

temperatures were located close to the inlet of the desorber. A temperature difference

is preferred to an oil temperature because it is desired to extrapolate these results to



other operating conditions, i.e. an absorption cycle with a desorber operating

temperature of 150°C and the same amount of strong solution subcooling.
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Figure 14: Weak solution concentration as a function of oil flow rate and ATmax for
th 0.42 gls
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Figure 15: Weak solution concentration as a function of oil flow rate and strong
solution flow rate for ATm = 90°C

The ordinate for these plots is X3. In Fig. 14 the strong solution flow rate is

fixed at 0.42 g/s. Figure 15 depicts curves of constant strong solution flow rate as a

function of oil flow rate for a fixed ATmax of 90°C. Note that on Fig. 15, as is the case

for all plots with constant oil temperature, a second abscissa is shown at the top of the

figure with units of oil Reynolds number. This Reynolds number is defined as

pVD0
Re0011 = (43)

where Dh,o is the hydraulic diameter of the k = 0 channel. This reduces to

m01
(44)Re0011

8(h + w)
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where h and w are the height and width of the k =0 channel as described in § 2.2.

Reynolds numbers are not displayed in Fig. 14, or any plot with constant strong

solution flow rate because the viscosity of oil is a very strong function of temperature

in the ranges tested.

The weak solution concentration decreases with increasing oil flow rate in both

Figs. 14 and 15. The increase in oil flow rate means more heat transfer to the solution,

which causes more of the ammonia to boil off, leaving less ammonia in the weak

stream. Likewise, as ATmax increases in Fig. 14, the weak solution decreases

considerably because there is a higher driving potential for heat transfer resulting in

more of the strong solution stream being vaporized. Figure 15 shows an increase in

weak solution concentration for an increasing strong solution flow rate. Less

ammonia vapor is being boiled off when there is a very high flow rate of solution for a

given temperature, leaving more ammonia in the weak solution. The average

uncertainty in X3 is 4.8x106, a value too small to display in Figs. 14 and 15.

Concentrations of ammonia in the vapor (stream 2 in Fig. 10) are shown as a

function of oil flow rate in Figs. 16 and 17. In Fig. 16, strong solution flow rate is

held constant while ATmax is allowed to vary whereas in Fig. 17, ATmax is held

constant to 90°C while strong solution mass flow rate is allowed to vary.
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Figure 17: Vapor concentration as a function of oil flow rate and strong solution flow
rate for L\Tmax = 90°C

In Figs. 16 and 17, the vapor concentration decreases as the oil flow rate increases. As

more heat is transferred to the solution stream as the oil flow rate increases, more

water is boiled from the solution, bringing the ammonia vapor concentration down.

The higher the temperature difference between the streams also causes more heat

transfer to the ammonia-water solution. As explained in Chapter 4, the weak solution

and vapor are in equilibrium in the test manifold. Therefore, as more heat is

transferred into the solution (via either or both a higher oil flow rate or higher ATmax)

more water is boiled out of the solution. This leads to a lower ammonia concentration

in the weak solution stream, stream 3, in addition to a decrease in concentration in



stream 2. As the strong solution, th1, increases less energy transfers to the ammonia-

water solution and, therefore, less boiling occurs. The result is a vapor stream higher

in ammonia concentration. As the strong solution flow rate increases, the change in

vapor concentration with increases in oil flow rate is smaller. The average uncertainty

in vapor concentration is 0.008.

Figures 14 through 17 showed desorption characteristics as a function of oil

mass flow rate plotted on the abscissa. Multiple curves of a constant parameter, either

th1 or ATmax, are provided to allow easy comparison between different effects of the

parameters. Figures 18 and 19 display the same data as in of Figs. 16 and 17,

respectively. Figure 18 depicts X2 on the ordinate and curves of constant oil flow rate

displayed as functions of ATmax.
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Figure 18: Vapor concentration as a function of L\Tmax and oil flow rate
for th1 0.42 g/s

Figure 18 shows the same trend as does Fig. 16, decreasing concentration with

increasing ATmax and increasing oil flow rate. However, as stated in section 5.1, lines

of constant ATmax are only nominally constant, as is evident from Fig. 18. At the

lower flow rates, the departure of ATmax from its nominal reported value increases.

This is because the sensor used to control the temperature of the oil bath is some

distance upstream of the test manifold. Because the flow meter had to be calibrated at

specific temperatures (80°C, 100°C, 110°C, etc.), the sensor was placed just

downstream of the flow meter, not located near the test manifold. As flow conditions,

i.e. oil temperature or oil flow rate varied, thermal energy losses varied from the

sensor location to the thermocouple measuring inlet oil temperature.



Figure 19 depicts x2 on the ordinate, and curves of constant oil flow rate as a

function of strong solution flow rate on the abscissa.
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Figure 19: Vapor concentration as a function of strong solution flow rate and oil flow
rate for ATmax = 90°C

Figure 19 shows the same trends as Fig. 17, i.e. that higher vapor concentrations are

possible with higher strong solution flow rates and lower oil flow rates. Also evident

in Fig. 17 is that the strong solution flow rate was, unlike ATmax, well controlled.
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5.2.2 Mass Flow Rate

Knowing the vapor mass flow rate is just as important as vapor concentration

to absorption cycle designers. Figures 20 and 21 show how vapor mass flow rate

changes with the experimental parameters, oil flow rate, strong solution flow rate, and

ATmax.
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Figure 20: Vapor mass flow rate as a function of oil flow rate and ATmax

for th1 = 0.42 g/s
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Figure 21: Vapor mass flow rate as a function of oil flow rate and strong solution flow
rate for ATmax = 90°C

Vapor mass flow rate increases with increasing oil flow rate in both Figs. 20 and 21.

Evident from Fig. 20 is that both the vapor mass flow rate and the slope of constant

ATmax lines increase as ATmax increases. Because there is more driving potential

available for heat transfer at higher temperatures, a given increase in oil flow rate

causes more energy to be transferred compared to a lower temperature case. On the

other hand, Fig. 21 shows that strong solution flow makes little difference on how

much vapor is produced, especially at lower oil mass flow rates. These results, in

conjunction with the trends observed in Figs. 16 and 17, show that as heat transfer

increases, there is more vapor flowing out of the desorber, but it has more water in it.
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Average uncertainty in vapor mass flow rate is 0.0004 g/s, too small to display on

Figs. 20 and 21.

Figures 22 and 23 show the circulation ratio, f, as a function of the

experimental parameters. Circulation ratio is an important parameter in designing

absorption cycles, and is shown to be critical in determining optimal desorber

operating conditions. As stated in chapter 4, circulation ratio is a measure of strong

solution flow rate per unit flow rate of vapor. Reported results for fare based on

concentration differences, Eq. (15), as opposed to based on mass flow rates, as seen in

Eq. (14). The reason for this is because data calculated on a concentration basis had

less deviation from a mean than data calculated on a mass basis.
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Figure 22: Circulation ratio as a function of oil flow rate and ATmax for rh1 = 0.42 g/s
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Figure 23: Circulation ratio as a function of oil flow rate and strong solution flow rate
for ATmax = 90°C

For low temperature differences in Fig. 22 and high solution flow rates in Fig. 23, the

circulation ratio tends to be highest. Note that, by definition, a case where there is no

desorption would have a concentration ratio tending toward infinity. On the other

hand, oil flow rate increases or ATmax increases, indicating that oil temperature

increases, more energy is supplied to the desorption process, generating more vapor.

Consequently the circulation ratio decreases. Because the vapor mass flow rate can

only approach the strong solution flow rate, the decrease in f is monotonic. The

average uncertainty in f is 0.08, small enough that error bars do not show up in Figs.

22 and 23.



65

5.3 Heat Duty

In absorption cycle literature, the amount of heat transferred to the ammonia-

water solution in a desorber is often called the "heat duty." This represents the

amount of heat (which can be waste heat) required to actuate the absorption

refrigeration cycle. Figures 24 and 25 show how much heat was transferred to the

ammonia-water solution during the experiments. The values shown in Figs. 24 and 25

are from a heat balance on the ammonia-water side of the heat exchanger desorber.

Refer to Eq. (8).
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Figure 24: Desorber heat duty as a function of oil flow rate and ATmax

for th = 0.42 g/s
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Figure 25: Desorber heat duty as a function of oil flow rate and strong solution flow
rate for L\Tmax = 90°C

As expected, as the oil flow rate increases, the amount of heat transferred to the

ammonia stream increases. Increasing the maximum temperature difference also

shows a big increase in heat duty. Strong solution, on the other hand, Shows little

effect compared to the other parameters. At higher oil flow rates, there is a slight

increase in heat duty with strong solution flow rate. As noted above, the reported heat

duty in Figs 24 and 25 were from an ammonia-water heat balance.

Figure 26 shows a comparison between the ammonia-water heat balance

(white bars), Eq. (8), and an oil heat balance (black bars), Eq. (18), for a selection of

the test cases.
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Figure 26: Oil heat balance compared to ammonia-water heat balance

In Fig. 26, each group of bars represents a ATmax, and within each group the oil flow

rate is increasing as noted by increases in black bar values of Q. The trends are

approximately the same for the all cases, with the oil numbers approaching the

ammonia-water numbers for lower heat duties. For high heat duty cases, the

ammonia-water heat calculation is notably higher than the oil. The reason for the

difference between the two energy balance values is the difference in control volumes

used to calculate heat rates for the two streams. By using a saturation state for the

outlet conditions on the desorber, the ammonia-water control volume consists of only

the inlet tube, from the pressure and temperature sensors to the inlet of the fractal-like

channels, and the fractal-like channels through which ammonia-water flows.

Convective losses along the inlet tube as well as conductive losses from the bottom of



the desorber to the Teflon support were neglected. The oil control volume, on the

other hand, experienced considerably larger losses. These include losses through the

inlet and exit pipes and losses to the test manifold. Therefore, though the average

uncertainty for the ammonia-water heat balance is higher than that of the oil heat

balance (6.6 W versus 3.3 W), it is a better representation of the actual amount of heat

transferred in the desorber. The unaccounted for error due to losses in the oil heat

balance outweighs the uncertainty in the measurements of heat duty.

5.4 Heat Exchanger

In this section, information helpful in sizing a fractal like heat exchanger is

provided. Measured LMTD, and calculated UA and c-NTU plots are displayed as

functions of experimental parameters. Log mean temperature difference, as calculated

using Eq. (20), is shown in Figs. 27 and 28.
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Figure 28: LMTD as a function of oil flow rate and strong solution flow rate for
ATmax = 90°C
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Evident from Fig. 27, the LMTD increases with oil flow rate at low flow rates, but

then appears to flatten and become constant for higher oil flow rates. At oil flow rates

above 5 g/s, the temperature difference at the outlet (Th,o T,0) is insensitive to

increases in oil flow rate. LMTD increases drastically with ATma, which is expected

as ATmax (= is in the definition of LMTD. Trends in Fig. 28 are not clearly

distinguishable due to the uncertainty, but it appears that LMTD has a weak

dependence on the strong solution flow rate. In summary, higher oil flow rates,

LMTD is a strong function of ATmax, a weak function of strong solution flow rate, and

not a function of oil flow rate. The average uncertainty in LMTD is 3.7 K.

Calculated values of UA are shown in Figs. 29 and 30. The data were

calculated from Eq. (21), using the ammonia-water heat duty value calculated from,

Eq. (8).
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Figure 29: UA as a function of oil flow rate and ATmax for th1 = 0.42 g/s
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Values of UA appear to be strong functions of oil mass flow rate and maximum

temperature difference yet have little dependence on the strong solution flow rate.

These results agree with the results for Q and LMTD, which showed very little

dependence strong solution flow rate. The overall heat transfer coefficient increases

with increasing oil flow rate and ATmax values. The increases in UA are likely due to

two factors. The branching, fractal-like flow network utilizes redeveloping flow

conditions, whereas the Nusselt number is know to be a function number of the

Reynolds number raised to the one-third power [25]. Larger amounts of heat

transferred to the ammonia-water solution will increase the amount of boiling in the

microchannels, also increasing the heat transfer coefficient. If the desired amount of

heat transferred is not attainable because of low UA values, a viable option is to

increase the LMTD accordingly by increasing the oil inlet temperature. The average

uncertainty in UA is 0.26 W/K.

Estimation of UA from a calculation as described in § 4.4 underestimates the

measured UA values. Using thermally and hydrodynamically developing single-phase

flow conditions [29] to estimate the Nusselt number for the oil stream, an order of

magnitude estimate of the boiling ammonia-water solution heat transfer coefficient,

50,000 W/m2K, and the nominal channel dimensions the desorber yielded a UA value

of 2.2 W/K for the test case ATmax = 90K, 6 gfs of oil, and 0.42 g/s of strong solution.

The measured quantity for UA was 3.9 W/K. This is clearly out of the uncertainty

range; however, the calculated value is definitely within an order of magnitude of the

measured value.
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A plot of versus NTU as calculated from Eqs. (24) and (26) is shown in Fig.

31, for all test cases run. The values of c and NTU were calculated with the

assumption that the single-phase fluid heat capacity rate, Ch, is always Cmjn [19I.
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Figure 31: 8-N]TU graph with Ch for every test case

The values shown in Fig. 31 show a dependence on that is similar to the ideal case

for a parallel flow heat exchanger with isothermal phase change shown in Eq. (27).

As the number of transfer units increases, so does the effectiveness of the heat

exchanger. As noted from Eq. (26), NTU are non-dimensional UA values. As

depicted in Figs. 29 and 30, UA increases with increasing oil flow rate and ATmax, thus

the oil temperature; therefore NTU can be considered a heat exchanger "input." The

trend in Fig. 31 suggests that more energy input is needed to yield a more

thermodynamically effective heat exchanger. Energy input increases include that
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necessary to heat the oil to temperature and flow work to more the flow faster. The

heat exchanger is somewhat "less effective" than the ideal evaporative heat exchanger,

which is to be expected because of the temperature glide associated with the binary

boiling process. As the two-phase solution travels through the fractal-like channels, it

is increasing in temperature, meaning that the available temperature difference to drive

heat transfer is smaller than in an isothermal evaporation process. The average

uncertainty in E and NTU are 0.01 and 0.03, respectively.

Though the assumption C = Ch was recommended in the literature, an

alternative to this assumption is proposed. Although a specific heat of a desorbing

mixture is not defined, an estimate of C can be derived by combining Eqs. (22) and

(23)

(ThI -)
Cc = Ch

(T0 T1)
(45)

Re-examining the heat capacity rates in this fashion shows that Cmin = C in all but the

lowest oil flow rate cases. When Cm = C, the flow rate of the oil is so much higher

than the strong solution flow rate that the assumption posed in [19], i.e. C11 C, may

not be valid. A recalculated E-NTU curve for true Cmjn values is shown in Fig. 32.
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Figure 32: 8-NTU graph where C can be either the hot or cold stream for all test
cases run

The points represented by open circles are calculated with Cmjn = Ch and correspond to

low oil flow rates (less than 3.3 g/s). The difference between Figs. 31 and 32 are that

the C = C, points have shifted to higher values of and NTU, because Cmin is

smaller and is in the denominator of both values. The points also seem to be closer to

the ideally evaporating case. It is not immediately clear which is the best method to

display desorbing heat exchanger data. However, if a single method is chosen and

used exclusively, useful desorber sizing calculations may be possible.
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6 PREDICTIVE MODEL DEVELOPMENT

The preceding chapters dealt with designing and fabricating a branching

fractal-like ammonia-water desorber and testing that device in an experimental flow

loop at atmospheric pressure. In its present form, the quantitative data gathered sheds

little light on desired operating oil flow rate and temperature conditions for the

desorber. Missing is information on how to correlate heat inputs, such as maximum

temperature difference and oil flow rates to desorption outputs, such as vapor

concentration and flow rate. This chapter describes an effort to develop a model to

predict desorber operating conditions.

As shown in Chapter 5, as more and more heat is added to the desorber, more

vapor is produced. Although a high vapor flow rate is desired, increasing the heat

transferred results in a low ammonia concentration in the vapor stream, and requires

rectification that ultimately decreases the cycle COP. At low heat transfer values, very

high mass fractions of vapor are attained, but at low flow rates. What is desired is a

metric to help judge where to operate the desorber between these two extremes.

Analyses to examine of heat required to run the desorber and the cooling necessary for

rectification will help to determine appropriate operating conditions at atmospheric

pressure. Such a model can be extrapolated to predict operating conditions at higher

pressures. Because rectification requires heat to be removed form the system, more

energy needs to be supplied during desorption than without rectification. The method

of describing the desorption-rectification heating requirement is described in 2 1];
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however, unlike the description in [21], an account including an explanation of heat

and mass balances is provided below.

6.1 Rectifier Heat Balance

As described in Chapter 1, a rectifier is the component into which vapor flows

immediately following the desorber. Heat is removed from the rectifier and, because

water has such a high saturation pressure compared to ammonia, vapor with a high

concentration of water condenses out of the stream allowing for the resulting vapor to

have a higher ammonia mass fraction. A schematic diagram with the important heat

and mass flows labeled is shown in Fig. 33.

2
* 2

I3* f6esorber

Reôtifier

*3
Figure 33: Desorber and rectifier streams

Rectification removes water from the refrigerant stream that can potentially freeze in

the throttle valve. Unfortunately, rectification reduces cycle COP because the heat

that is removed does not augment the cooling load, so it must be minimized.



Likewise, the heat added to the desorber should be kept to a minimum for a designed

mass flow rate and vapor concentration. For example, qD from Eq. (17) should be

minimized for a required X2*. Note that the * represents a rectified state. A new set of

mass and energy equations are provided below in terms of the rectification process.

These will be used to predict the modified heat duty, i.e. that which includes

rectification.

A mass balance on the rectifier yields the following mass flow for the rectified

vapor stream

rn2m2rn3 (46)

where state 2* is rectified vapor and 3* is the reflux of condensed solution that returns

to the desorber prior to being returned to the absorber. An ammonia mass balance can

also be written for Eq. (46)

x2jh2 =x2th2 x3th3, (47)

An assumption at this point must be made to continue the analysis as the reflux mass

fraction, X3*, is unknown. It was previously assumed that the non-rectified vapor

stream is in equilibrium with the weak solution. The reflux cannot be pure water, and

its concentration depends on how much rectification of the vapor stream is required.

For example, reflux from a 95% vapor concentration will have less ammonia by mass

compared to reflux from a 99.9% vapor concentration. Generally reflux drains back

into the weak solution hold up volume and, in this case, the reflux is assumed to have

the same concentration as the weak solution



x3* x3 (48)

By examining a saturation temperature-concentration curve, such as that seen in Fig.

3, it can be shown that vapor entering a rectifier with an ammonia concentration (X2)

of 90% and leaving the rectifier at a concentration (X2*) of 95% will have a reflux

concentration (X3*) of 25%. This is reasonably close to the weak solution numbers

presented in Figs. 14 and 15. As the amount of rectification increases, so does the

concentration of the reflux. For the same conditions, a rectified stream of 99% would

have a reflux concentration of 50%. The higher the concentration of the reflux, the

more the hold-up volume concentration is increased. This is actually beneficial

because it puts the desorber vapor in equilibrium with a higher concentration liquid,

augmenting the desorber vapor concentration. Therefore the assumption posed in Eq.

(48) leads to a "worst case scenario," and is a very conservative estimate of the reflux

concentration. A ratio of reflux per unit mass flow rate of the stream to be rectified

can, therefore, be written in terms of concentration only

(49)
m2 x2x3

Using the representative values (X2 = 0.90; X2* = 0.99; X3 = 0.20), the ratio provided in

Eq. (49) equals 0.128. Combining Eq. (49) with a representative circulation ratio,

f= 8, shows that the reflux mass flow rate is 60 times smaller than the strong solution

flow rate. The total mass of unknown reflux concentration is thus very small

compared to the total mass in the hold-up volume. An energy balance on the rectifier

is, therefore



QR +th2h2 +th3h3 =th2h2 (50)

Combining Eq. (49) with Eq. (50) and dividing by th2 yields

q =h h2 (x2* _X2(h h3) (51)
x2 x3 )

where q = QR /rn2 represents the heat of rectification per mass flow rate of

rectified vapor. Thus, a heat of rectification per inlet unit vapor flow rate is in terms

of states 2 and 3, which are at equilibrium and dependent variables of each other, and

a required state, 2*, which is at a required minimum concentration, 0.99 for example,

and the desorber pressure.

6.2 Desorber-rectifier Heat Balance

If the experimental desorber, with calculated vapor mass fractions ranging

from 0.734 to 0.964, was to go into an absorption refrigeration cycle, it would require

a rectifier to achieve the desired vapor concentration is 0.99. Though no rectifier was

included in this study, it is appropriate to consider an integrated rectifier when

analyzing this problem. The desorber is meant to be a component in a large system.

Thus, the only way to determine appropriate operating conditions is to consider other

necessary components.

A heat balance on a desorber-rectifier system is very similar to the desorber-

only heat balance shown in Eq. (9), which is repeated here for convenience,

q=h2h3+f(h3h1) (9)
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Streams 1 and 3 would be the same in an integrated desorber-rectifier; however, the

output vapor stream would be rectified (2*). Tn addition there would be two heat

transfer terms, qD which is heat input required for desorption, and qR which is the

cooling required to achieve rectification. Note that qR is negative and, therefore, adds

to qD in the following equation, which represents the heat balance for a combined

desorber and rectifier.

q = h h3 + f *(h h1) (52)

In Eq. (52), ? is very similar to f defined in Eq. (7), but it is evaluated using state 2*

instead of state 2

f*L_X2*X3 (53)
m2 xx3

Combining Eqs. (52) and (53) then substituting Eq. (51), the following equation

q=h1h (54)

is formed wherewhere hpoie and hd are values defined by

and

hie =h2+[x2*x2(h2_h3) (55)
x2 x3

hd=h3_f*(h3_hl) (56)



The values hpoie and hd are values which conveniently describe the amount of heat

required by the desorber. They facilitate graphic descriptions of the desorption

process, which are described in the following section.

6.3 Graphical Depiction

Understanding the relation in Eq. (54) is helped by plotting the state points on

an enthalpy-concentration graph which is often called a Ponchon or Merkel plot. A

portrayal of an h-x diagram is shown in Fig. 34.
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Figure 34: Graphical depiction of h-x diagram
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The boiling and condensing equilibrium lines for a specific pressure are shown as bold

lines. As the pressure increases, these lines shift to higher enthalpy values as noted by

the faint lines in Fig. 34. Similar to Fig. 3, subcooled liquid is below the boiling line,

superheated vapor is above the condensing line, and the two-phase region is in



between. Lines of constant mass fraction, called "isosteres," are vertical in the single-

phase regions. Isotherms in the two-phase region, shown as dashed lines, have

increasing slope as the saturation concentration, x, denoted on the abscissa, decreases.

Depicted in Fig. 34 is the desorption process, starting at a strong solution at (xi, hi).

Note that this (xi, hi) point lies on the saturated liquid line and therefore, assumes

negligible subcooling. As the solution boils, ammonia leaves at a faster rate than

water. The liquid then exists at a lower concentration (X3, h3), where it is in

equilibrium with vapor at (X2, h2). Notice the large concentration difference between

vapor in equilibrium with the 1 state (labeled x2) and vapor in equilibrium with the 3

state (labeled X2). Counter-flow desorbers operate with the vapor leaving in contact

with the liquid entering. The vapor is thus in equilibrium with the strong solution and

has a higher mass fraction achievable than with a co-flowing desorber under similar

conditions. This accounts for why "counter-flow" desorbers are so popular compared

with co-flow desorbers, they require less rectification.



A graphical depiction of the desorption and rectification processes is shown in Fig. 35.

The desorption process is similar to that in Fig. 34, except that the strong solution,

state 1, in Fig. 35 is subcooled.

x3 x1 x2 x2*

hd

Figure 35: Graphical depiction of desorption and rectification on an h-x diagram

The strong solution heats up along constant concentration line until it reaches the

boiling line. The enthalpy value enumerated in Eq. (55), hpoie, is found by extending
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the isotherm from state 3, through state 2 until it intersects the desired concentration

line, X2*. The state defined by X2* and hpoie for a given pressure is called "the pole of

rectification" and theoretically defines the amount of rectification required to get from

X2 to x2*. The enthalpy value described in Eq. (56), hD, is found by extending a line

from state 3 though state 1 until it intersects the X2* concentration line. Four triangles

are sketched to show how concentration differences are related to enthalpy

differences, for example, rewriting Eq. (55)

hpe h2
(57)

h2h3 X2X3

The vapor leaving the rectifier has an enthalpy value of h. The amount of desorber

heat duty, qD, is shown as the distance between hpoie and hd. The amount of

rectification cooling, qR, is the difference between the pole enthalpy and the final

vapor enthalpy.

With a graphical means of relating the dependence ofqD on concentration

differences, an investigation of how state 3 affects the heats of desorption and

rectification is possible. Figure 36 depicts an h-x graph with state 3 at both higher and

lower concentration values than shown in Fig. 35.
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Figure 36: Variation of x3 on an h-x graph

When the desorber is operated "hotter" than the marked state 3, cases with lots

of boiling, high vapor mass flow rates, and low vapor concentrations, hpoie increases,
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requiring more rectification. Ultimately, as can be observed from 36, the slope of the

isotherm increases as does the heat of desorption increases. Extra heat is required to

bring the vapor up to hpoie, and more cooling is required to bring the stream down to

h2. On the other hand, hd decreases, meaning less heat for desorption is required.

When the desorber is operated "colder" than the marked state 3, cases with little

boiling, low vapor flow rates, and high vapor concentrations, hpoie decreases.

However, as X3 approaches Xi, lid decreases. In this case, more desorption heat is

required per unit vapor created because more heat is required to warm a large flow rate

of subcooled solution up to saturation. For this situation, the tie-line defining hD

intersects the X2* isostere below the graph (not shown).

The changes in hD and hpoie with changes in x3 can also be explained in terms

of the rectified concentration ratio, f. As x3 moves farther from Xi, f decreases,

indicating that less strong solution is required to produce a unit flow rate of rectified

vapor. As X3 moves closer to xi, f increases, meaning more strong solution is

required to produce a unit flow rate of rectified vapor. In the limit of X3 approaching

x1, f approaches infinity no vapor (the mass flow rate in the denominator of f*) is

formed.

There are two competing factors established in Eq. (54) in determining the heat

of desorption: rectification, governed by increases in hpoie, and sensible heating,

governed by decreases in hd. Both are functions of concentrations only. The

functional dependence of rectification and sensible heating are summarized in Table 4.



Table 4: Functional dependence of rectification and sensible heating on rectified
circulation ratio

Rectification
Sensible

Heating

I
f*

hpoie hd

t I
I

As f* is increased, rectification decreases and sensible heating increases.

Conversely, as is decreased, rectification increases and sensible heating decreases.

The magnitudes of these changes depend on the concentrations, pressure, and amount

of subcooling of the desorber. The two competing factors lead to a minimum heat

required to run the desorber. Figure 37 shows a plot of qi and qD for a co-flow

desorber-rectifier combination as a function of f*
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Figure 37: Desorption and rectification heats versus modified circulation ratio
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The conditions for Fig. 37 were based on a pressure of 1.5 bar, strong solution

inlet concentration of 0.30, strong solution inlet temperature of 295 K, and a rectified

vapor concentration of 0.99. The desorber-rectifier combination Figure 37 shows that

the heat of rectification is very high for circulation ratios approaching less than 6, and

decreases monotonically with increasing f. The heat of desorption, qD, increases

fairly linearly above a circulation ratio of about 12. There is a clearly defined

minimum for qD at 7.95, the corresponding f* is denoted as f'oç. Note that the curves

for qR and qD do not have the same scale in Fig. 37, they only appear to coincide at f

values below 6.
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Cycle COP is defined as the amount of cooling, Qe in Fig. 2, divided by the

amount of energy supplied, QD. To maximize COP, it is clearly advantageous to run

the desorber at its minimum ratio of heat rate per unit vapor produced. Without taking

into consideration the state of strong solution leaving the absorber, it is apparent the

desorber should be operated at a circulation ratio coincident with minimum heat per

unit vapor produced ratio. In general, this minimum depends on temperature, pressure

and concentration of the inlet stream, and the allowable water in the refrigeration

stream. Knowledge of this fact is useful, but the operating conditions of the

experimental desorber are provided in terms of the flow rates of oil and ammonia-

water solution and maximum temperature difference between these two streams.

Determining the magnitudes of oil mass flow rate, strong solution mass flow rate, and

maximum temperature difference are of great importance to the cycle designer.

6.4 Desorber Operation

6.4.1 Sizing

In most cooling applications, a single desorber disk will likely not provide

enough refrigerant vapor to meet the cooling load, perhaps with the exception of a

man-portable system. The number of disks (n) required to run an absorption-cooling

cycle is defined as

Qreqn= (58)
qrn2*
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where Qreq is the amount of heat required for desorption i.e. heat duty, and rh2 is the

amount of rectified vapor produced by one desorber disk. This heat is determined

from cycle analysis and is based on a required cooling load and cycle state points,

such as high-side temperature and pressure. From a quick examination of Eq. (58), it

would appear that the number of desorber disks would be reduced ifqD is increased.

That reasoning is misleading because qD is the total heat added into a desorber coupled

with a rectifier process. Also, the cycle should to be operated at the absolute

minimum qD to keep the rectifier and desorber as small as possible. Increasing qD

would require either an increase in oil heat transfer (i.e. f > fopt*) or an increase in the

capacity, hence size, of a rectifier (i.e. f* <f*) Therefore, the main parameter for

reducing the number of desorber disks in a real cycle should be increases in rh2, the

rectified vapor flow rate for a single disk.



6.4.2 Operating Conditions

Because there was no rectifier, the value th2 was not measured in this study.

However, it can be calculated using Eq. (53), assuming a concentration value of 0.99

for the rectified vapor. Values of experimental qD as a function of experimental 1 are

plotted in Figs. 38 and 39 for the parameters ATmax and strong solution flow rate,

respectively.
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Figure 38: Desorber heat per unit flow rate of rectified vapor versus circulation ratio
and Tmax for ui1 = 0.42 g/s
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Figure 39: Desorber heat per unit flow rate of rectified vapor as a function of
circulation ratio and strong solution flow rate for ATmax = 90°C.

The experimental desorber heat duty, qD, is calculated from the heat transferred to the

ammonia-water solution, divided by rh2, which is calculated from Eq. (53) where the

measured mass flow rate of vapor is divided by f* Curves of constant ATmax afld

strong solution flow rate show trends fairly similar to Fig. 37. For example, low f

values are rectification limited and have higher qD values. Higher f values are

sensible heating limited. The lower four ATmax values in Fig. 38 and the highest three

strong solution flow rates in Fig. 39 show a minimum q.

The goal of a desorber is to deliver as much th2 for as little q as possible.

Recall, X2* is fixed at 99% for this analysis. Examining Eq. (53), and considering the

curves of qD versus f* in Figs. 38 and 39, strong solution flow rate should be increased



as much as possible, while adding just enough heat from the oil to move f* down to

the optimum value.

6.4.3 Modeling

One question remaining is, "how does one know what f is for a given

combination of strong solution mass flow rate, oil mass flow rate, and maximum

temperature difference?" In this study a range of oil flow rates for two cases were

investigated. These cases include (1) constant solution flow rate equal to 0.42 kg/s

with varying ATmax values and (2) a constant ATmax value equal to 90 °C for varying

solution flow rates. Table 5 lists the range of maximum temperature difference and

strong solution flow rate.

Table 5: Ranges of tested ATmax and strong solution flow rates

ATmax (K)
50 72 82 90 100

0.42 x x x x x
0.58
0.75
0.92

Each x symbol in Table 4 indicates a combination ofATmax and strong solution flow

rate for which a range of oil mass flow rates were tested. For each pair of temperature

difference and solution flow rate measured, curves of circulation, f, ratio such as those

in Figs. 22 and 23 were generated. Therefore, for these individual cases a very good

idea of how f and f behave has been established. The rectified circulation ratio, f*,

although not plotted, has the same behavior as the circulation ratio, f. A primary goal



in model development is to determine the functional dependence of f on strong

solution flow rate, oil flow rate, and maximum temperature difference

f*(p(rhi,thii,LTax) (59)

where q represents the function. Desirable operating conditions can be found, in

particular the oil flow rate, maximum temperature difference, and the amount of

strong solution required per disk, with this function, (p. and the knowledge that an fopt

can be found for given cycle parameters. Such cycle parameters are high-side

pressure, strong solution subcooling, and rectifier vapor output concentration,

desirable desorber operating conditions can be found. For example, a customer would

have specifications for cooling load and the cycle parameters listed above from which,

an f*0t will be found. Knowing how f* depends on th and tiTmax,

determination of oil mass flow rate, at oil temperature, for how much strong solution

flow rate per desorber will be possible. The more strong solution is pumped into an

individual disk operating at f, the fewer desorber disks will be required.

What this study does not provide is the functional dependence stated in Eq.

(59). Rectified circulation ratio, f*, data taken in this study can be written terms of

two functional relationships. For example

and

f*
= (p'(rn1,rn.3J (60)

f* = P2(rhoii,ATmax)Lj,042g,, (61)
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These data sets show quantitatively how f* varies with two parameters, with one held

constant. What is missing is an understanding of the interaction of strong solution

flow rate with maximum temperature difference. What is needed is a parametric

study, where the experiments are performed that fill in the parameter space in Table 5.

The data, in addition to the function q, acquired from multivariable data analysis and

reduction would allow a fully predictive tool to be utilized when sizing or operating

fractal-like branching microchannel heat exchangers as desorbers.

The process of determining the size of the desorber is shown in flowchart form

in Fig. 40.
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Figure 40: Desorber sizing flowchart
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The customer or cycle designer would prescribe cycle parameters, as shown in the box

at the far left. The pertinent data would be cooling load, strong solution mass flow

rate, and the properties defining state 1. With that information, the optimum rectified

circulation ratio can be found. Data gathered showing how f* varies with strong



solution flow rate, oil flow rate, and oil temperature would be entered into a

multivariable plotting software to show surfaces such as those in Fig. 41.

OP

rn01

nax

Figure 41: Illustration of oil flow rate and temperature variation in f* for surfaces of
constant strong solution flow rate

The surfaces shown in Fig. 41 represent constant strong solution flow rates. Surfaces

with higher mass flow rates have f* values correspond to design options with few

desorber disks (i.e. more strong solution per disk.). Dotted lines show where the
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horizontal surface of f0* intersects the surfaces of constant rh1. The lines are a locus

of points where specific ATmax and th011 values will deliver optimum operating

conditions for a certain number of disks. With these intersections an iteration ioop, as

shown in Fig. 40, is entered to determine if the number of disks is acceptable. During

the iteration, parameters such as the oil pressure drop, pump size, and the allowable oil

temperature are taken into account. When the number of disks meets all of the

required criteria, the desorber size is set for a given cycle.
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7 CONCLUSIONS AND RECOMMENDATIONS

In this study an oil-heated branching microscale fractal-like branching channel

heat exchanger was used to investigate co-flow ammonia-water desorption.

Experimental tests were run with 31% ammonia-water solution at atmospheric

pressure. Two test cases were considered, for which oil flow rate was varied from 1.7

to 10 g/s. In the first test case the nominal oil temperature was varied from 80 to

130 °C for a constant strong solution mass flow rate of 0.42 g/s. In the second test

case, strong solution mass flow rate was varied from 0.58 to 0.92 g/s for a constant

nominal oil temperature of 120 °C.

Desorption characteristics such as concentrations and mass flow rates were

measured and/or calculated for all test cases. Vapor mass flow rate was shown to

increase with increasing oil flow rate and oil temperature and be minimally dependant

on strong solution flow rate. Measured values of vapor mass flow rate ranged from

0.022 to 0.13 g/s with an average uncertainty of ±0.0004 g/s. Vapor mass fraction was

found to decrease with increasing oil mass flow rate and temperature, and increase

with increasing strong solution flow rate. Measured values of vapor mass fraction

varied from 0.734 to 0.964 with an average uncertainty of ±0.008. Circulation ratios

increase with increasing strong solution flow rate, decreasing oil flow rate, and

decreasing oil temperature. Values vary from 3.2 to 20 with an average uncertainty of

[I
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Heat transfer characteristics, particularly UA, depend on the amount of heat

transferred from the oil to the ammonia water solution. An energy balance on the

ammonia-water solutions was used to determine the amount of desorber heat duty. An

energy balance performed on the oil stream yielded lower values of heat transferred

due to thermal losses. Heat transfer increases with increasing oil flow rate and

increasing temperature, with little affect from the strong solution flow rate. Heat

values vary from 61 to 334 W, with an average uncertainty of 6.6 W and an a

maximum uncertainty of 10%.

Log mean temperature difference, LMTD, based on a parallel-flow heat

exchanger were used to calculate overall heat transfer coefficient, U. The LMTD

increases with oil temperature, but is insensitive to changes in oil flow rate over values

of S g/s and weakly dependent on the strong solution flow rate. Values of LMTD

ranged from 25 to 69 °C with an average uncertainty of 4 °C and a maximum

uncertainty of 11%. The overall heat transfer coefficient increases with increasing oil

temperature and flow rate, but is insensitive to changes in strong solution flow rate.

Values of UA vary from 2.2 to 5.0 W/(m2K) with an average uncertainty of 0.26

W/(m2K). In cases where the UA value in the desorber is not enough to supply the

desired heat transfer, increasing the LMTD would increase total heat transfer.

The total amount of heat required to run a desorber-rectifier combination per

unit mass flow rate of rectified vapor, qn, is shown to have a minimum value as a

function of rectified circulation ration, f* The desired operating conditions for the
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desorber are at its optimum rectified circulation ratio, f*0, which coincides with the

minimum qD value.

The number of desorber disks required in a given full-sized desorber in an

absorption refrigeration cycle depends strongly on its ability transferring sufficient

heat to the maximum achievable flow rate of strong solution. In this study, the

ammonia-water channels and the oil channels have the same dimensions. The lack of

affect on U by the strong solution flow rate indicates that the limiting input is the oil

flow rate. The oil heat transfer coefficient is lower than the two-phase ammonia-water

heat transfer coefficient; therefore increasing the heat transfer area on the oil side

would allow increased heat transfer. By increasing the depth of the oil channels, more

oil flow rate will be possible for a given pressure drop. This increase in flow rate will

allow more heat to be transferred, a smaller number of required desorber disks to meet

a cooling load requirement.

A highly recommended action for continued work would be to take additional

data at low pressures and curve fit the f* function: p. The development of a random

optimization code with constraints would allow oil flow rate, oil temperature and

strong solution flow rate to meet the optimum f* value. Further recommendations are

to take desorption data at elevated pressure and temperature, to closely approximate

the operating conditions of the desorber in a cycle. Fabrication of deeper channels

would likely allow higher heat transfer to the ammonia water solution, permit more

strong solution into the disk, and require less desorber disks in a functioning desorber.
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APPENDIX 1 COMPONENT LIST

Table Al: Oil Sub-Loop Components

No. Component Manufacturer Model Quantity

Heat Transfer Oil Paratherm NF

2 Hot oil bath Thermo Electron Neslab EX7 1

3 Pump Micropump 75225-00 1

4 Oil Filter Swagelok SS-4F-40 1

5 Needle valves Ideal Valve V-54-2-11 2

6 Ball valve Sharpe 58876 5

7 Flow Meter Flow Technology LN-5-C-V1B7 1

8 Stainless Steel Tube Swagelok SS-T4-S-035

9 Fittings Swagelok Various, all stainless

10 Upchurch P-713 2

11 Thermocouple Therm-X TR-12OTT-T1 16-FG-2.5-STIR 4

12 Pressure Transducer Cole Parmer 68848-36 1

13 Cole Parmer 68848-28 1
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Table A2: Ammonia-water sub loop components

No. Component Manufacturer Model Quantity

14 Strong Solution Univar 30% Ammonia-Water

15 Pump Baldor CL3504 1

16 Surge Tank AA Tanks FX 200 V 1

17 Bladder Tank AATanks FMV 10 1

18 Air filter Rh Eliminator 3P-060-M02-FI 1

19 Ammonia filter Shelco FOS-784-316 1

20 Ball Valve Apollo CF8M 1

21 Liquid needle valve Ideal Valve V-54-1-11 2

22 Vapor needle valve Ideal Valve V-54-2-1 1 1

23 Flow Meter Micromotion 476702 2

24 Cold water bath Hart Scientific 7320 1

25 Building air regulator ARO C0493-600-2 1

26 Bladder air regulator ControlAir Type 700 1

27 Cold water pump March Mfg. BC-3C-MD 1

28 Stainless Steel Tube Swagelok SS-T4-S-035 -

29 Polypropylene Tube McMaster-Carr 5392K33

30 Fittings Omega Engineering U-06372-30 -

31 RTD Temperature Sensor Omega Engineering PR-10-3-100-1/8-4-E-ST 4

32 Thermocouple Therm-X TR-12OTT-T116-FG-2.5-STR 1

33 Pressure Transducer Omega Engineering PX212-030 AV 3

_Omggineern PX212-200 AV 1

Table A3: Instrumentation components

No. Component Manufacturer Model Quantity

35 Multimeter Keithly 2001 Multimeter 1

36 RTD Reader Keithly 2001 -TSCAN 1

37 Data aquistion board National Instruments PCI-6043E 2

38 Terminal blocks National_Instruments SCB-68 2
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APPENDIX 2 DETAILED OPERATING PROCEDURE

Start-up

The warm up procedure is intended to minimize oil temperature fluctuations
across the desorber, which are amplified in the manifold as pressure and mass
flow rate fluctuations.

Turn the oil bath on, and allow it to come up to the desired test temperature.
The oil bath should be on long enough that the internal temperature is stable.

Note: The bath can be controlled by an internal sensor or a sensor close to the
flow meter. For warm-up, the bath should be controlled by the internal
temperature.

Turn the cold water bath and cold water pump on, and open the valves to allow
flow into and out of the chiller try.

Adjust oil sub-loop ball valves so that test manifold is bypassed.

Turn on the pump to approximately 1000 g/min flow rate, and allow the oil
sub-loop to come up to temperature. Change the bath to be controlled by the
flow ioop sensor, and allow it to come up to temperature.

Confirm the bladder tank is full and pressurized

Confirm the chiller tray is bypassed in the ammonia-water sub-loop.

Turn on the data acquisition program.

Open the ammonia-water inlet ball valve and allow solution flow into the
desorber.

Keep the vapor exit valve open (all the way), and slowly close the exit valve to
gather a hold up volume in the manifold.

Adjust oil sub-loop ball valves so that hot oil flows through the desorber.

Note: Bubbles and jets will occur as the ammonia-water boils.

Tighten the vapor exit and liquid exit valves slowly to maintain liquid hold up
volume and increase the manifold pressure to the desired value.

Adjust the strong solution and oil to the desired flow rates.

Flow the weak solution through the chiller tray and loosen the exit liquid valve
to maintain the same exit flow rate.
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Steady State

Once at steady state, data collection for a given test run can begin.

Monitor flow loop temperatures and watch for temperature to stop changing
with time.

Also monitor the liquid level, assuring it does not empty or fill up the test
manifold with weak solution.

To reduce the liquid level: close the vapor valve and open the liquid valve.
The opposite operation increases the liquid level.

To reduce manifold pressure: Open both exit valves.

After the flow ioop temperatures have become steady, carefully examine the
hold up volume. It is absolutely necessary for the hold up liquid level to be
constant in time. Adjust the exit valves small amounts to keep the liquid from
filling or emptying.

Mark the level with an overheat projector pen on the outside of the acrylic tube
to have a record of the liquid level.

Note: It is acceptable if there are small, periodic changes in liquid level, so
long as many cycles are captured in the data acquisition.

Once steady, make a note of the time and allow the desorber to run for
approximately 20 minutes.

To change between test conditions:

Restart the data acquisition program to start a new spreadsheet of replication
data.

Change the oil flow rate to the desired amount, and change the vapor exit valve
accordingly to keep the same manifold pressure (loosen for more boiling,
tighten for less). This will hold the inlet flow rate more or less steady.

When the temperatures become steady, bring the liquid level to a constant
position.

Shut-down

Shut-down procedure is intended to safely stop the experiment without
overheating or overflowing the manifold.

To safely end the experiments, first bypass the chiller tray, and open the liquid
exit valve all the way.
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Bbypass the desorber from the oil sub-loop

Slow the strong solution to approximately 5 g/min.

Turn off oil bath and pump

Turn off cold water bath and pump.

Allow the strong solution to cool the desorber, and when all boiling has ceased,
turn off strong solution at the ball valve.

Allow all ammonia to drain out of the manifold.

Open exit valves all the way, and disconnect the quick disconnect fitting at the
strong solution test manifold inlet.

Pump water with several 60 ml syringes into the desorber to flush out.

Reconnect the strong solution inlet.
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APPENDIX 3 EES PROCEDURES

AWX_proc.EES

PROCEDURE awx(Tin,Pin,vin: x,q,h)
"Iterates thru NH3H2O procedure to find the mass fraction of liquid given T(K), P(bar), and v(m"3/kg)"
xlo=O
xhi=.4
dx=.0005
e=.0001E-3
x : =xlo

Repeat
x:=x+dx
CALL NH3H2O(1 23,Tin,Pin,x: T,P,x,h,s,u,v,q)
res:=abs(v-vin)

Until(res<e)

END

CALL awx(Tin,Pin,vin: x,q,h)

lTsat.EES

"Find Tsat inside the manifold'
"Po is P weak, Xo is weak solution mass fraction"

Call NH3H2O(238,Po,Xo,O: T, P, X, h, s, u, v, Q)

2_Xv.EES

"Find Xv: Vapor Mass Fraction"
"Po is P weak, To is Tsat"

Call N1H31120(128,To,Po,l: T, P, X, h, s, u, v, Q)

3_hsol.EES

"Find enthalpies of solutions"
Call N113H20(123,To,Po,Xo: T, P, X, h, s, u, v, Q)



APPENDIX 4 EXTENDED SURFACES

The following analysis can be found in Kays and London or Incropera and

DeWitt. It is reproduced here for completeness.

P: Fin perimeter

Fin cross sectional area

Figure Al: Extended surface schematic

The basic definition for the thermal resistance is

Rh=
ii0hA
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(Al)

Where o is the overall fin efficiency (defined later), h is the convective heat

transfer coefficient, and A is the area of the fin walls and base (the total wetted area
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shown in Fig. 1). The overall fin efficiency is a fraction of A that allows heat to be

transferred down to the base. rio is defined as:

(A2)

where Af is the area of the fin walls only, and flf is the fin efficiency of a single fin.

The single fin efficiency is defined for the geometry in Fig. 1, for an adiabatic tip as:

tanh(mL)
llf=

mL
(A3)

hP
(A4)

if kA

were k is the thermal conductivity of the fin.

Attached are the numbers used to determine the estimated UA value of 2.2 W/K.



Table A4: UA calculation data

Oil Channels
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CHANNEL

Branch Area Perimeter Width H Nu h

No. mm2 mm mm mm mm W/m2K
0 17.31 72.448 0.427 0.150 0.222 119.7 68482
1 23.97 151.344 0.283 0.150 0.196 53.7 34791
2 42.87 399.520 0.200 0.150 0.171 31.6 23410
3 82.88 1128.960 0.141 0.150 0.145 19.0 16600
4 85.33 1623.520 0.107 0.150 0.125 11.7 11896

Sum 252 3376

Refrigerant Channels: 2-phase estimation

CHANNEL

Branch Area Perimeter Width H Dh G h

No. mm2 mm mm mm mm kg/m2s W/m2K
0 17.31 72.448 0.427 0.150 0.222 406.8 50000
1 23.97 151.344 0.283 0.150 0.196 307.0 50000
2 42.87 399.520 0.200 0.150 0.171 217.0 50000
3 82.88 1128.960 0.141 0.150 0.145 153.9 50000
4 161.97 3054.240 0.107 0.150 0.125 101.4 50000

Sum 329 4807



117

Table A4 (continued)

Branch A1 A
No. mm2 mm2

0 10.9 28.2
1 22.7 46.7
2 59.9 102.8
3 169.3 252.2
4 243.5 328.9

RING

Radius Area

mm mm2
3.34 31.3
5.65 65.2
8.72 139.0

13.10 300.4
16.63 328.8

758.7 864.7

Branch A1 A

No. mm2 mm2
0 10.9 28.2
1 22.7 46.7
2 59.9 102.8
3 169.3 252.2
4 458.1 620.1

RING

Radius Area

mm mm2
3.34 31.3
5.65 65.2
8.72 139.0

13.10 300.4
19.05 600.6

Sum 1050.0 1136.4



Table A4 (continued)

FIN_____

Branch A P rn r

No. mm2 mm 1/rn -

0 0.88 4.53 4874.3 0.853

1 1.29 4.73 2928.5 0.940

2 1.50 6.24 2555.4 0.954

3 1.70 8.82 2404.9 0.959

4 0.95 6.34 2307.3 0.962

FIN_____

Branch A P m
No. mm2 mm 1/rn -

0 0.88 4.53 4165 0.88744

1 1.29 4.73 3510.8 0.916779

2 1.50 6.24 3734.6 0.907047

3 1.70 8.82 4173.8 0.887028

4 1.71 11.93 4833.9 0.85514

Sum
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r RI*A

- 1(/W (K/W)mm2

0.943 0.549 15.5

0.971 0.634 29.6

0.973 0.427 43.9

0.972 0.246 62.0

0.972 0.263 86.5

rRh 0.3129

no R0 R1*A

- KW (K/W)mm2

0.957 0.742 20.9

0.960 0.447 20.8

0.946 0.206 21.1

0.924 0.086 21.6

0.893 0.036 22.4

I Rh 0.10181
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APPENDIX 5 HEAT TRANSFER OIL PROPERTIES

Adapted from Paratherm Corporation website:

http:I/www.paratherm. comfParatherm-NF/nftabdatasi.asp

Used with permission.
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Table A5: Paratherm NF ® thermal properties

Temperature Density Viscosity Specific Heat
Thermal

Conductivity

°C °F g/ml kg/rn3 mrn2/s
rnPa-

s
cal/(g-

°C)
J/(kg-

K) W/(m-K)
o 32 0.8788 879 220 194 0.4314 1805 0.1344
5 41 0.8768 877 142 125 0.4358 1823 0.1342

10 50 0.8747 875 99 87 0.4401 1841 0.1338
15 59 0.8727 873 69 61 0.4444 1859 0.1335
20 68 0.8706 871 50 43 0.4487 1877 0.1331
25 77 0.8686 869 36.6 31.8 0.453 1895 0.1327
30 86 0.8666 867 27 23.4 0.4574 1914 0.1324
35 95 0.8645 865 20.8 18 0.4617 1932 0.132
40 104 0.8625 862 17.2 14.8 0.466 1950 0.1317
45 113 0.8604 860 14.3 12.3 0.4703 1968 0.1313
50 122 0.8584 858 12.1 10.4 0.4746 1986 0.1309
55 131 0.8564 856 10.3 8.82 0.479 2004 0.1306
60 140 0.8543 854 8.78 7.5 0.4833 2022 0.1302
65 149 0.8523 852 7.63 6.5 0.4876 2040 0.1299
70 158 0.8503 850 6.66 5.66 0.4919 2058 0.1295
75 167 0.8482 848 5.84 4.95 0.4962 2076 0.1291
80 176 0.8462 846 5.26 4.45 0.5006 2095 0.1288
85 185 0.8441 844 4.74 4 0.5049 2113 0.1284
90 194 0.8421 842 4.37 3.68 0.5092 2130 0.1281
95 203 0.8401 840 4 3.36 0.5135 2148 0.1277
100 212 0.838 838 3.69 3.09 0.5178 2166 0.1274
105 221 0.836 836 3.39 2.83 0.5222 2185 0.127
110 230 0.834 834 3.17 2.64 0.5265 2203 0.1266
115 239 0.8319 832 2.94 2.45 0.5308 2221 0.1263
120 248 0.8299 830 2.76 2.29 0.5351 2239 0.1259
125 257 0.8278 828 2.57 2.13 0.5394 2257 01255
130 266 0.8258 826 2.42 2 0.5438 2275 0.1252
135 275 0.8238 824 2.27 1.87 0.5481 2293 0.1248
140 284 0.8217 822 2.17 1.78 0.5524 2311 0.1245
145 293 0.8197 820 2.05 1.68 0.5567 2329 0.1241
150 302 0.8176 818 1.93 1.58 0.561 2347 0.1237
155 311 0.8156 816 1.83 1.49 0.5654 2366 0.1234
160 320 0.8136 814 1.76 1.43 0.5697 2384 0.123
165 329 0.8115 812 1.67 1.36 0.574 2402 0.1226
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Table A5 (continued)

Temperature Density Viscosity Specific Heat
Thermal

Conductivity

°C °F g/ml kg/rn3 mm2/s
mPa-

s
call(g-

°C)
J!(kg-

K) W/(rn-K)
170 338 0.8095 809 1.58 1.28 0.5783 2420 0.1223
175 347 0.8075 807 1.51 1.22 0.5826 2438 0.1219
180 356 0.8054 805 1.44 1.16 0.587 2456 0.1216
185 365 0.8034 803 1.37 1.1 0.5913 2474 0.1212
190 374 0.8013 801 1.31 1.05 0.5956 2492 0.1208
195 383 0.7993 799 1.25 1 0.5999 2510 0.1205
200 392 0.7973 797 1.21 0.962 0.6042 2528 0.1201
205 401 0.7952 795 1.15 0.916 0.6086 2546 0.1198
210 410 0.7932 793 1.1 0.87 0.6129 2564 0.1194
215 419 0.7912 791 1.05 0.834 0.6172 2582 0.1191
220 428 0.7891 789 1.01 0.798 0.6215 2600 0.1187
225 437 0.7871 787 0.974 0.766 0.6258 2618 0.1183
230 446 0.785 785 0.937 0.736 0.6302 2637 0.118
235 455 0.783 783 0.894 0.7 0.6345 2655 0.1176
240 464 0.781 781 0.86 0.672 0.6388 2673 0.1173
245 473 0.7789 779 0.827 0.644 0.6431 2691 0.1169
250 482 0.7769 777 0.793 0.616 0.6474 2709 0.1165
255 492 0.7749 775 0.769 0.596 0.6518 2727 0.1162
260 501 0.7728 773 0.738 0.57 0.6561 2745 0.1158
265 510 0.7708 771 0.716 0.552 0.6604 2763 0.1155
270 519 0.7687 769 0.695 0.534 0.6647 2781 0.1151
275 528 0.7667 767 0.673 0.516 0.669 2799 0.1147
280 537 0.7647 765 0.651 0.498 0.6734 2818 0.1144
285 546 0.7626 763 0.629 0.48 0.6777 2835 0.114
290 555 0.7606 761 0.607 0.462 0.682 2853 0.1137
295 564 0.7586 759 0.585 0.444 0.6863 2871 0.1133
300 573 0.7565 757 0.563 0.426 0.6906 2889 0.113
305 582 0.7545 754 0.541 0.408 0.695 2908 0.1126
310 591 0.7524 752 0.518 0.39 0.6993 2926 0.1122
315 600 0.7504 750 0.496 0.372 0.7036 2944 0.1119
320 608 0.7484 748 0.473 0.354 0.7079 2962 0.1115
325 617 0.7463 746 0.45 0.336 0.7122 2980 0.1112
330 626 0.7443 744 0.427 0.318 0.7166 2998 0.1108
335 635 0.7422 742 0.404 0.3 0.7209 3016 0.1104
340 644 0.7402 740 0.381 0.282 0.7252 3034 0.1101
344 651 0.7386 739 0.362 0.268 0.7287 3049 0.1098
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Permission

Greg:
Fine with us if you mention Paratherm in your aknowledgements section.
Best Regards,

Andy Andrews
Paratherm Corporation
4 Portland Road
West Conshohocken PA 19428 USA
+1 610-941-4900
+1 610-941-9191 Fax
(800) 222-3611 Toll Free
andyan@paratherm.com

From: Jim Oetinger
Sent: Tuesday, February 28, 2006 9:53 AM
To: 'Greg Mouchka'
Cc: Andy Andrews
Subject: RE: Website Contact Form

Greg
I will pass along to our marketing types for review
Jim
From: Greg Mouchka [mailto:mouchkag @ onid. orst.eduj
Sent: Monday, February 27, 2006 5:23 PM
To: Jim Oetinger
Subject: Re: Website Contact Form

Hi Jim,

I'm using Paratherm NF to take heat transfer data for a masters thesis. Would it be acceptable to
publish the posted data at:
http://www.paratherm.comlParatherm-NF/nftabdatasi.asp
in the paper?

I thought it would be best to ask for permission, especially after seeing this disclaimer:
Thank you for your time,

Greg Mouchka
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APPENDIX 6 CALIBRATION INFORMATION

The following table summarizes the calibration correlation coefficients for the

experiment. The correlations are of the form:

R=a0+a1(V) (A5)

where V is the voltage read by the data acquisition board, and R is the correlated value

in engmeermg units.

Table A6: Calibration coefficients

Instrument Description a0 a1

Std.
Error

Cal.
Error Units

Temperature
TC1 Upstream oil flow meter -2.27 0 0.049 0.207 °C
TC2 Downstream oil flow meter -2.07 0 0.040 0.205 °C
TC3 Upstream manifold -2.18 0 0.052 0.207 °C
TC4 Downstream manifold -2.19 0 0.047 0.206 °C
TC5 Vapor temperature -2.02 0 0.048 0.206 °C

RTD2 Inlet AW soln -0.79 0 0.048 0.237 °C
RTD3 Outlet AW soln -0.60 0 0.044 0.213 °C
RTD4 Strong AW soln -0.88 0 0.045 0.213 °C
RTD5 Liquid hold up volume -0.67 0 0.044 0.211 °C

Pressure
Pxdcrl Inlet AW soln -4.08 1954 0.246 0.759 psia
Pxdcr2 Saturation Pressure -0.52 298.8 0.049 0.509 psia
Pxdcr3 Strong AW soln -0.39 301.06 0.076 0.512 psia
Pxdcr4 Outlet AW soln -0.65 297.48 0.062 1.110 psia

P-01 Oil Inlet Pressure -15.31 15.085 0.0327 0.034 psig
P-02 Oil Outlet Pressure -7.90 7.5166 0.0913 0.092 psig

Oil Flow Rate
VFM-80 Oilflowmeter: 80°C -20.92 129.85 3.476 3.532 g/min
VFM-100 Oil flow meter: 100°C -18.42 123.88 7.63 7.646 g/min
VFM-110 Oilflowmeter: 110°C -24.08 121.74 2.348 2.710 g/min
VFM-120 Oilflowmeter: 120°C -24.09 119.98 3.314 3.649 g/min
VFM-130 Oil flow meter: 130°C -25.13 118.24 3.411 3.640 g/min
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APPENDIX 7 UNCERTAINTY SUMMARY

Table A7: Ammonia-water uncertainty values

Value Maximum Minimum Mean Units
Inlet mass flow rate 3.18E-06 6.68E-08 2.08E-07 kg/s
Outlet mass flow rate 3.27E-06 8.88E-08 2.80E-07 kg/s
Vapor mass flow rate 3.48E-06 1 .24E-07 3.68E-07 kg/s
Inlet Density 0.59 0.59 0.59 kg/m3

Outlet Density 0.59 0.59 0.59 kg/m3

Inlet Sp. Volume 7.45E-07 7.41 E-07 7.43E-07 m3/kg
Outlet Sp. Volume 7.25E-07 6.5E-07 6.93E-07 m3/kg
Inlet Pressure 0.077 0.077 0.077 bar
Outlet Pressure 0.035 0.035 0.035 bar
Manifold Pressure 0.052 0.052 0.052 bar
Strong Soln Pressure 0.035 0.035 0.035 bar
Inlet Temperature 0.24 0.24 0.24 K
Outlet Temperature 0.21 0.21 0.21 K
Strong SoI'n Temperature 0.21 0.21 0.21 K

Hold Up Volume Temperature 0.21 0.21 0.21 K
Vapor Temperature 0.21 0.21 0.21 K

Saturation Temperature 1.27 1.03 1.16 K

x1 9.3E-06 3.1E-06 5.5E-06

x3 8.5E-06 3.1E-06 4.8E-06

X2 1.89E-02 3.72E-03 8.37E-03

h2 25.1 7.5 13.1 kJ/kg

h1 0.91 0.91 0.91 kJ/kg

16.2 12.9 14.5 kJ/kg
Q (Ammonia-Water) 11.5 4.8 6.6 W
f 0.11 0.07 0.08 -
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Table A8: Oil and heat transfer uncertainty values

Value Maximum Minimum Mean Units
Oil Inlet Pressure 1.8E-03 7.1E-04 8.4E-04 bar
Oil Outlet Pressure 4.9E-04 4.9E-04 4.9E-04 bar
Upstream Flow Meter Temperature 0.21 0.21 0.21 K
Downstream Flow Meter
Temperature 0.21 0.21 0.21 K
Upstream Device Temperature 0.21 0.21 0.21 K
Downstream Device Temperature 0.21 0.21 0.21 K
Oil Mass Flow Rate 1.3E-04 4.5E-05 6.8E-05 kg/s
Specific Heat 22.4 20.2 21.6 J/(kg K)

0.30 0.30 0.30 K
o (Oil) 8.1 1.2 3.3 W
LMTD 4.48 2.77 3.69 K
UA 0.370 0.158 0.256 W/K
Cmin 0.349 0.101 0.199 W/K
LTmax 0.30 0.30 0.30 K

Qmax 27.3 5.6 16.9 W
C 0.042 0.003 0.011
NTU 0.113 0.012 0.029
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