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Abstract

Factors affecting frost distribution are explored using afinite element model, devel oped and validated using
afull-scale 8-row heat exchanger in awind tunnel. The heat exchanger istypical of the type used in supermarket
display cases; so face velocities and air inlet temperatures were varied from 0.5-2.3 m/sand 0 to-20 °C,
respectively, and inlet humidities from 70-90%. In order to focus on frost distribution, the prototype was designed
to have a simple geometry and single-phase refrigerant to provide maximum certainty on parameters not directly
related to frost. Measured and predicted total and sensible heat transfer agreed within RM S 6% and 8%,
respectively, over the range of operating conditions. For latent heat, there was more scatter due to frost non-
uniformities induced by the experimental apparatus. The simulation model was used to illustrate how the point of
maximum frost thickness moved from the front to the rear of the heat exchanger, depending on face velocity, inlet
humidity and fin surface temperature. Heat transfer and pressure drop were calculated from standard correlations,
with fin thickness and tube diameter increasing as a function of frost thickness. The model was further extended to
simulate the performance of the heat exchanger under the effect of afan curve. A comparison is made between DX
and indirect refrigeration system performance with respect to capacity, pressure drop and air flow variations under

frosting conditions.
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Chapter 1: Introduction

1.1 Introduction

When moist air passes over cold heat exchanger surfaces with surface temperatures below dew point, the
moisturein the air begins to condense. Also, if the surface temperatureis below freezing, frost startsto form.

Frost growth on heat exchangers is acommon problem with refrigeration and air-conditioning equipment.
It causes the performance of heat exchanger to declineg, firstly as frost accumulation blocks the airflow path causing
anincreasein the airside pressure drop and a consequent decrease in the airflow rate. Secondly, the capacity of heat
exchangersis also detrimentally affected by the insulating effect of frost. Eventually, the heat exchangers need be
defrosted to maintain adequate performance, However, the defrosting process itself causes an additional penalty of

energy consumption.

1.2 Objective
The purpose of thisreport isto study, experimentally and analytically, the frost deposition patterns on the

heat exchangers and to devel op models to simulate different frost deposition patternsin order to find better waysto
obtain amore uniform frost distribution,Uneven frost distribution along the airflow direction blocksthe air free

flow area quickly and leads to tremendous decrease in the capacity of the heat exchanger. It occurs even though little
or no frost grows on the other parts of the heat exchanger. This report focuses on understanding what factors affect
the frost deposition pattern, in order to help find ways to control the frost distribution and increase heat exchanger

efficiency. The simulation model presented in this report helps us achieve this goal.

1.3 Literature review
Thisliterature review includes three classes of frost research: studies on frost properties such as frost

density and thermal conductivity; studies on frost formation on simple geometries (flat plates or tubes) and heat
exchangers; and studies on modelsto simulate the frost growth or the performance of heat exchangers under frosted
conditions.

1.3.1 A review of studies on frost properties
Substantial literature is available on frost properties such as frost formation stages, density and thermal

conductivity.

O'Neal and Tree (1985) have provided a comprehensive review of frost research in simple geometries (flat
plate, cylinders, tubes, parallel plates and annuli) for the 50 years before 1984.

Hoke et al. (2000) studied the microscopic frost deposition on avariety of substrates. He provided a
comprehensive review of the research results of frost formation, experimental and numerical frost growth studies.
He concluded that there are usually two different frost growth scenarios: condensation frosting and ablimation
frosting. The former oneis generally the scenario encountered on arefrigeration evaporator. There are three regimes
in condensation frosting—condensation period, early frost growth period (almost constant frost thickness growth
rate) and mature growth period (increasein frost thicknessis proportional to the square root of time).

There exist some attempts to model the early crystal growth period, for example Tao et a. (1993), but it is
believed that modeling the early crystal growth is not necessary for the present problem of frost growth over many

hours especially on full-scale heat exchanger. So, only mature growth period is considered in this study.



1.3.2 A review of studies on frost formation
There are several correlationsin the literature to predict frost thickness, density and conductivity asa

function of environmental parameters.

Mao et al. (1999) correlated the thickness, density and conductivity as afunction of environmental
parameters, location on aflat plate, and Reynolds number, for conditions similar to those found in afreezer with the
cold plate temperature from —20 °C to—41 °C and the supply air temperature range from —10 °C to—26 °C. The frost
surface was characterized as being either smooth or rough and correlations predicting frost properties for both types
of frost were presented.

Storey and Jacobi (1999) devel oped another model for frost thickness. This model was based on frost
surface heat flux and mass continuity. It wasfound that the non-dimensional frost thickness was proportional to the
square root of the environmental time, t . This behavior has been observed in mature frost growth by many
investigators, such as Ostin and Andersson (1991).

Storey and Jacobi (1999) eval uated their model using data and assuming frost surface temperature equal to
the freezing point. The experimental data were consistent with the equation. Thismodel captures the essential
physics of mature frost growth and is a useful tool for datainterpretation. However their model isvalid only when
the frost surface temperature is close enough to freezing point.

Kondepudi and O’ Neal (1987) provided acomprehensive review of the literature available during the 30
years before 1987 on the effects of frost growth on extended surface heat exchanger performance. They concluded
that:

Frost growth is detrimental to the heat exchanger performance.

Fin efficiency increasesinitially with frost growth and then tends toward a constant value.

The overall heat transfer coefficient first increases asaresult of increased surface areas and surface
roughness but soon decreases due to the thermal resistance of frost layer when the air flow rate was
maintained constant.

Surface roughnessis helpful to coil performance only in the early stage of frost growth.

After that, several experimental studies have been done to investigate heat exchanger performance under
frosting conditions.

Kondepudi and O’ Neal (1989) investigated the frost growth effects on the performance of heat exchangers
with flat and louvered fins. It was found that a constant mass flow rate of air, high inlet humidity, low refrigeration
temperature and high fin density leadsto increased frost accumulation, large pressure drop and high energy transfer.

Ostin and Andersson (1991) studied the formation of frost in an experimental apparatus simulating the
conditionsin a counter flow heat exchanger. The air temperature in their experiments was about 20 °C and relative
humidity from 30% to 75%. The cold plate temperature varied from —20 °C to—7 °C.

Two categories of frost formation—monotonic growth and cyclic growth—were observed. Frost thickness
increased monotonically with time in the monotonic growth. In the cyclic growth, frost stopped growing after a

couple of hours and the thickness stayed almost constant for about one and a half hours, then frost resumed to grow

with time. The cyclic growth was observed under conditions that the air humidity 3 50% and the surface temperature



£ -10 °C. They concluded that melting at the frost surface was the reason for the cyclic increase of the thickness and
the abrupt increase of density.

Frost mass was found to increase linearly with time under their test conditions. For the monotonic growth,
frost thickness increased with the square root of time as shown in Eqgn. (1.6) according to:

d=a +a-t (L)

Where t isthetime from onset of frosting [s]. They did not find universal values of a; and a;.

Frost density was found to increase fast initially and then tends to a constant value. The relationship of frost
conductivity and density was obtained from the test but the conductivity islower than the results of other
investigators, such as 'Y onko and Sepsy (1967).

It was also found that the condensed water vapor from the air stream contributes in equal amounts to
increases in the frost thickness and density. This conclusion agrees with the findings of White and Cremers (1974),
Fukada and Inoue (1999): approximately half the mass increases the density and the other half contributes directly to
increasing the frost thickness. The effect of air velocity on the frost thickness was found to be negligible, whichisin
agreement with previous research results.

Ogawa, Tanaka, and Takeshita (1993) studied ways to improve the performance of plate-fin-tube heat
exchangers, which were typically used for refrigerators and heat pump air conditioners, under frosted conditions.
They realized that the blockage problem of airflow at the leading edge caused by the frost growth was a big concern
in heat exchanger design. Several methods—fin staging, fin width extension and partial cutting of fins—were
studied to decrease the frost formation at the leading edge to improve the performance of heat exchangers. A series
of experiments were conducted to observe frost formation, changesin heat transfer coefficient and airside pressure
drop etc. using different methods. It was found that front staging, side staging and fin width extension were al
effective to reduce the blockage effect at the leading edge and reduce airside pressure drop, thus improve the
performance of the heat exchangers.

Although these studies provide a clearer picture of the effect of frost formation on the performance of heat
exchangers, they were not concerned with devel oping comprehensive modelsto simulate the frost growth. Rather,
they were aimed at measuring the performance of typical heat exchangers when frost growth occurred.

1.3.3 A review of studies on model development
Numerous models have been developed trying to predict frost growth in simple geometries (such as a

singlefin, flat plate etc.) aswell as heat exchangers.

Tao et al. (1993) devel oped a mathematical model to predict frost deposition on a cold surface, whichis
exposed to warm moist airflow at about 20 °C. They used a one-dimensional, transient formulation based on the
local volume averaging technique. Frosting rate, the time variation of frost thickness, frost density, and both spatial
and temporal variations of temperature were predicted. The frost growth was divided into two phases. Inthe early
growth phase, the frost was modeled as ice columns. In the mature growth phrase, the frost wasmodeled as a
homogeneous porous medium with adistributed porosity and expanding boundary. They assumed diffusion to be the

only mechanism for internal water transport. The Y onko and Sepsy (1967) correlation for frost conductivity was



employed. Theinitia conditions for the mature frost growth phrase were taken from the solutions of the early crystal
growth model. From this model, the frost density distribution in the full-growth period depends on the distribution
during the early growth period. It was found that the maximum densification rate occurred near the warm side of the
frost layer. The heat flux was found to increase initially but then decrease monotonically in the full growth period.

Padki et al. (1989) proposed a simple method of computing both the spatial and temporal variations of heat
transfer, frost growth rate, frost thickness and surface temperature for a horizontal flat plate and ahorizontal cylinder
in both free and forced convection. An iterative quasi-steady-state approach was employed. It was assumed that
steady-state conditions exist for sufficiently small timeintervals, but the overall analysiswastransient. The surface
temperature, frost thickness, density and conductivity, were computed. A correlation between frost density andthe
surface temperature provided by Hayashi et al. (1977) and two correlations between frost density and conductivity
from Sanders (1974) and Marinyuk (1980) were used. Model results were compared with existing experimental data
in the literature and good agreement was obtained.

Oskarsson et a. (1990) devel oped three models—finite element model, three-region model, and a
parametric model— for plate-finned-tube evaporators used in heat pump systems. The models predict evaporator
performance under dry, wet and frosted conditions. It was assumed that a quasi-steady state at one time step could
be used for analysis at the next time step. Some assumptions made in these models were:

Airside heat transfer coefficients on the wet and frosted coils are the same as that on the dry coil surface.
Possibleincreasein fin efficiency on frosted coilsis assumed to be negligible.
Model results were compared with experimental results for two evaporatorsin heat transfer rates, dehumidification
rate, etc. However, the frost thickness was not compared.

Chen et al. (2000) developed anumerical model to simulate frost growth on plate-fin heat exchangers for
typical freezer conditionswith air supply temperature from —10 °C to—21 °C, constant relative humidity at 92% and
base plate temperature from —31 °C to—38 °C. Thefrost layer wastreated as a one-dimensional transient porous
medium, including atwo-dimensional transient heat conduction model for in the fins. Frost properties are different
over thefin surfaces. Most of the simulation results for heat transfer rate, frost thickness and density are within the
experimental uncertainty of the measured data. However, the model cannot predict the pressure drop accurately
when the frost blockage effects are large. It was a so found that the selection of correlations for the calculation of

effective thermal conductivity of frost isimportant to predict the frost thickness and density accurately.



Chapter 2: Numerical Model

2.1 Numerical model

An EES model has been devel oped to study the frost deposition patterns for arefrigerated display case heat
exchanger under different running conditions.

The heat exchanger is a plain-fin-tube evaporator with aluminum fins and copper tubes, about 0.80 m wide,
0.343 m high, and 0.264 m deep. It has eight tube rows along the airflow direction and nine cross counter flow
refrigerant circuits perpendicular to the airflow direction as shown in Figures 2.1 and 2.2. Each circuit starts at the
air exit side of the heat exchanger and exits after eight passes at the front of the heat exchanger. Each of the nine
circuitsis confined to asingle row in the horizontal plane (Carlson, 2001).

For the experiments conducted to validate the model, a single-phase refrigerant is used to permit real-time
monitoring of heat exchanger mass (including frost). Hydroflouroether (HFE) 7100 was selected to ensure that flow

was turbulent so the refrigerant-side heat transfer could be accurately characterized.
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Figure 2.1 Sideview of the heat exchanger

In order to simulate the frost deposition patterns, the heat exchanger is divided into eight finite elements,
shown with dotted linesin Figure 2.2, along the air flow direction in the model. Total load, sensible load, latent load,
air side temperature gradient and humidity gradient, refrigerant side temperature gradient as well as air side pressure

drops are calculated in each row for agiven timeinterval. So arethe frost mass, thickness, density and conductivity.
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The model assumesthat (1) the effect of refrigerant-side pressure drop on heat exchanger performanceis

Figure2.2 Top view of the heat exchanger

negligible; (2) frost is evenly distributed on the surface of the tubes and finsin each row; (3) the transient frosted
heat exchanger performance is analyzed assuming a quasi-steady state where calculations at one time step can be

used for analysis at the next time step.

2.2 Fin surface efficiency
Thefin surface efficiency is cal culated using the sector method (Pira, Bullard and Jacobi, 2000), as

described in Appendix A. Since the literature available on the fin efficiency of the frosted heat exchangers offers
very limited information, the fin is analyzed for the heat flow due to conduction through the frost layer owing to
temperature gradient across the frost layer, plusthe heat flow along the fin from tip to the base. More details of the
fin surface efficiency analysis can be found in Appendix A.

2.3 Air side heat transfer coefficient
Three air side heat transfer correlations for plain-fin heat exchangers namely, Wang and Chang (1998),

Wang, Chang, Hsieh, and Lin (1996), and Kim, Y oun and Webb (1999) were compared with the experimental
resultsto obtain the best air side heat transfer correlation for the current heat exchanger (Carlson, 2001)

Carlson (2001) found that the latter correlation was the best in describing the performance of our heat
exchanger. This had been expected, due to the range of geometric and operating parameters involved. Since this
report will focus on frost distribution, we will use Carlson’s best fit correlation, as described in Equation 2.1,
obtained by simple scaling of the Kim, Y oun and Webb (1999) correlation, based on dry-surface wind tunnel data
with our heat exchanger.

_0.1484 .

S =0.78j..
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2.4 Air side pressure drop
The airside pressure drop was cal culated using the following equation (Kays and London, 1998):

2 4 ¥
u

DP = Som o, +1-s2) 422 D+ s sz k) 2y @
2 é Vi free V1 Vlg

K. (entrance loss coefficient) and K (exit loss coefficient) were determined according to Kays and London
(1998) as: K, = 0.6, K, =0.15.

The Kim, Y oun and Webb (1999) airside friction factor correlation for plain fin heat exchangers with round
tubes was used in the model. It is applicable to the range of geometry and operating conditions used in the display
case. Refer to Appendix B for adetailed description of this correlation.

2.5 Refrigerant side heat transfer coefficient
The Gnielinski correlation for fully developed (hydro dynamically and thermally) turbulent flow in a

smooth circular tube was used. Using the method of Kays and Crawford (1993), it was found that the effect of
thermal entry length was less than 1% for the relevant range of Re and Pr, so it was neglected. For details see

Appendix B.

2.6 Frosting rate
The frosting rate can be obtained from the air inlet and outlet humidity:

mfr = mair(vvin - WOUI) (23)

Where Mair =  air massflow rate, Kg/ <
W, = airinlet absolute humidity, kg/kg of dry air

W, = air outlet absolute humidity, kg/kg of dry air

For each element of the heat exchanger, the one-dimensional mass transfer equation is used:

M = hy XA, X(W, - W) (2.4)
Considering the analogy between the heat transfer and mass transfer at the surface (Incroperaand DeWitt
(1996)):

h, = N e 75 (25)
Com

So, thefinal form for the frosting rate can be written as:

. h )
my =——x_e % XA, X(W, - W,) (26)
Com
Where h, =  airside heat transfer coefficient, KW / m?® xK
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specific heat of moist air, kJ /kg: K

pm

W, = averageair absolute humidity

air absolute humidity saturated at frost surface

S

In the model, both equations are solved simultaneously in order to get the frosting rate, M# aswell asthe

air outlet humidity, W, ;.

2.7 Frost thickness and density

(A): Thickness
Many investigators, e.g. Ostin and Andersson (1991), Storey and Jacobi (1999), have found the frost

thicknessincreases linearly with the square root of time during the mature frost growth period. There have been
several models proposed in the literature to normalize the effects of environmental conditions and predict the frost
growth observed in experiments. However, the Storey and Jacobi non-dimensional procedure for determining frost
density could not be used in our case for two reasons:

(i) asthesurfacetemperature of the frost iswell below freezing point for most of the cases.

(i) Theinitia frost conductivity term (ko) cannot be neglected from the relation

k, =k, +br, @7)
because it accounts for as much as 20 % of thetotal.

The one selected for our analysisisamodel for frost height determined with the help of one dimensional
heat and mass transfer governing equations presented in section 2.9 with the frost properties (density and

conductivity) presented in 2.8
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Figure 2.3 Singlefinfrosting

In the model, T (base temperature of the fin is determined after considering the surface efficiency of the
frosted fin.



The thickness of the frost layer is computed by dividing the accumulated frost mass (M;, ., ) by the

product of average frost density (I' ;) and surface area ( A\O’dry, fin area and tube area under dry conditions) given

by Eqgn. (2.8).
d - (2.8

Hereit is assumed that the changesin the frost density along the thickness of the frost (from base to surface) are
negligible. This was observed by Chen (2000) during their experiments except for frost thickness below 0.4 mm as
shown in Figure 2.4. Since our model is used to predict the mature frost growth over along period of time assuming
that athin layer of frost is already present on the surface of the fins and the tubes, the assumption of constant frost

density (along the base to the surface) for frost thickness greater than 0.4 mmisvalid for our model.
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Figure 2.4 Variation of frost density within the frost layer, Chen (2000)
(B) Density
For air inlet temperatures near 0 °C, Hayashi’ s (1976) empirical correlation of frost density with respect to

the surface temperature of the frost is used.

r, =650e>?""™ (29

Figure 2.5 shows the variation of frost density with the surface temperature expressed by Eq. (2.9). This
expression was developed for frost surface temperatures between—25to 0 °C, air stream velocities between 2 and 6
m/sand an air stream humidity ratio of 0.0075 kg/kg of dry air (corresponding to Ty, = 9.5 °C). However for our

experiments with lower air velocities (0.6 to 2.2 m/s), the expression is compatible only for 0 °C air supply



temperatures and the correlation breaks down for air inlet temperatures of —20 °C with the frost surface temperatures
falling below —25 °C.
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Figure 2.5 Variation of frost density with surface temperature, Hayashi (1976)

Chen (2000) measured frost characteristics on heat exchanger fins for typical freezer operating conditions
with base temperaturesform —31 to—38 °C and air supply temperatures from —13 to—21 °C and found that the frost
density varied from 100 to 145 kg/nt along the air flow for air supply temperature of —15 °C and plate temperatures
of =35 °C. Since very little is known about density of frost at lower surface temperatures (below —25 °C), a constant

frost density of 130 kg/n? is used for the analysis of the cases with air supply temperatures of — 20 °C for our mode.
2.8 Frost conductivity
Several researchers have conducted experiments to develop empirical relationships to express frost

conductivity as afunction of its density. The relations are generally of theform: K, =k, +b Xr . . Of course, the

relationship is highly dependent on the structure of the frost, which in turn depends on the operating conditions
during which it isformed. For example, Storey and Jacobi (1999) assumed k, = 0 and obtained
8.7 10*W xm? / kg XK . However, most of their experiments were done with the air temperature around 20 °C

and they assumed the frost surface temperature to be the freezing point. Thisis very different from our experiments
inwhich the air temperature varied from —20 °C to 0 °C and surface temperature was always far below the freezing
point.

To evaluate kg (KW/mK), we use the Y onko and Sepsy (1967) correlation for frost density and

conductivity:

kg = (0.02422 +7.214 X104 xr ¢, +1.1797 X0 xr (%) /1000 (210)

10



This equation impliesthatb = 7.214" 10" *W xm? / kgXK . We assumeit to be constant. Actually, b=
7.214° 10 @ +r ¢ ), Which means b should vary with I . . However, there will be only 0.07% changeinb for
our entirerange of I' ;, =40 ~450 kg/n (predicted by the model).

Y onko and Sepsy (1967) also tested awide range of surface temperature from —30°Cto —5.7 °C, whichis

very similar to our surface temperature. And their correlationislimited to I, <576 kg/n?, which was fully

satisfied in all the data sets.

2.9 Governing equations
Note that frost surfaceisinitially rough and uneven due to the random nature of the deposition of the frost.

The roughness and actual surface area of the frost surface are usually difficult to predict. It might contributeto an
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Figure 2.6 One dimensional heat transfer from the air through the frost layer, tubes and fins to the refrigerant

the heat exchanger. But as Sanders (1974) has found, the surface roughness effect of enhancing the heat transfer has
asignificant effect only in the early stages of frost formation. Later the insulation effect makes it inconsequential.
Since our model usually describes along period of frosting on afull-scale heat exchanger, most of the time should
be outside the early stage of frost formation. Therefore surface roughnessisnot considered in the model.

Figure 2.6 describes the process of the one dimensional heat transfer from the air through the frost layer,
tubes and fins to refrigerant.

The one-dimensional governing equations to describe the heat and mass transfer process for each element
arelisted below:

Heat transfer from the air to the surface of the frost:

-T, = Qe (2.12)
ha,dry xAb, fr

11



Heat transfer through the frost layer:

T -T. = Qsens+QIatent

(212
kff X h
d_ A),fr suf
fr
Heat transfer from the frost layer to the refrigerant:
+
Tsi _ Tref - ertlens Qlatent (2113)
ref erf

Tamisthe average air temperature of each element, Ty, isthe outer surface temperature of the frost layer in
the middle of each element and T is the base temperature of the fin and T, is the average refrigerant temperature.

The sensible load is obtained from the airside temperature drop:

Qsens = r:na”C:p,air(-l-ain - Taout) (214)

The latent load comes from the formation of frost on the surface of tubes and fins:

Qlatent = rhfr hsg (Tso) (2.19)

The total load of the heat exchanger is the sum of these two parts:

Q = Qsens + QI atent (2-16)

Refrigerant side temperature rise and mass flow rate could also be used to calculate the total load:

Q = Mret c:p,ref (Trin - Trout) (217)

2.10 Time Interval
Thetimeinterval used in the model is 3 minutes, the same as the time interval used to collect datain the

experiments. Actualy, timeinterval will affect the accuracy of the prediction. Carlson (2001) studied four time
intervals and concluded that the three-minute increment yields solutions within 1% of the one-minute increment in
all cases, except for frost thickness at the beginning of the run whereit is off by 2%. So, the 3-minutetimeinterval

is used throughout the model.

2.11 Model
Itis necessary to estimate initial values of frost thickness and frost density in order to start cal culations.

Theseinitial guess values only affect the predictions at the first time step but will not have any impact on the results
later on for frost thickness from 0.02 mm to 0.05mm and density from 40 kg/n? to 100 kg/n. 40 kg/n? of frost
density and 0.02 mm frost thickness were used in this study.

Figure 2.7 describes the algorithm for the proposed numerical model.
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Figure 2.7 Structure of the numerical model
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Chapter 3: Model Validation and Discussion
3.1 Model validation under dry conditions

The model for predicting the performance of a heat exchanger when frost grows on the tubes and fins was
used first to simulate the heat exchanger performance under dry conditions.

Notethat “dry” here does not mean that the air is absolutely dry. It only meansthat during the
experiments, no steam was added into the chamber. So under these dry conditions, the air inlet relative humidity
could reach nearly 60% or more, depending on the humidity when the experiments started inside the room where the
experimental chamber was located. A very small amount of frost formed on the surface of the heat exchanger under
these dry conditions. Its effect on the performance of the heat exchanger is assumed to be negligible.

Thirteen data sets are used in the validation of the model. The test conditions are listed in Table 3.1, which
shows the (30—480 minutes) time-averaged values of the parameters. Actually, all the parameters fluctuated during
the averaging period due to some unpredictable factors in the experiments. These small fluctuations were
documented by Carlson (2001).

Table3.1 Test conditions for model validation under dry conditions

Airinlet Refrigerant inlet Airinlet dew Air face Refrigerant mass
Data temperature temperature: point velocity: flow rate:;
> font® Tt terpfpez‘?tcl;re Vel Mrer (Kg/s)
(m/s)

Casel -0.3 -10.7 -79 13 037
Case?2 -18 -26.3 -215 13 0.35
Case 3 -19 -30.9 -239 23 051
Case 4 -19 -29.0 -236 15 0.50
Case5 -09 -110 -6.8 23 053
Case 6 -10 -11.0 82 15 0.54
Case7 -1.8 -130 -10.0 0.6 0.55
Case8 -1.2 -11.7 -94 06 0.36
Case9 -19 -115 -7.8 15 037
Case 10 -0.1 -10.5 -5.6 2.3 0.37
Case 11 0.7 -10.5 -3.6 23 0.20
Case 12 -0.8 -114 -5.6 15 0.20
Case 13 -05 -10.3 -70 0.6 0.2

Capacity isthe most important characteristic of heat exchangers. A model for predicting the performance of
heat exchangers will not be successful if it cannot predict the capacity correctly.
Three independent methods were used to cal cul ate the capacity of the heat exchanger in the experiments:

an air, arefrigerant and a chamber energy balance (Carlson 2001). In dry conditions, these balances are given by:

Qref = mef Cp,ref (Trout - Trin)_ Qtubes (X0
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Qair = Mair Cp,air (Tain - Taout) - Qwindtunnel (32)

Qchamber = UA:hamber >4:)Twalls +Wblower +Wheater +Wpreco|er (3'3)

These three calculations of capacity were in very close agreement (RMS 2.4%) at the dry operating
conditions. However, Qcnhamber iS Usually not stable compared with Q, and Qg because the heater is on and off very
frequently. The mass flow rate of the steam entering the chamber is not measured, so the chamber balance cannot be
used under frosted conditions (Carlson, 2001). Only Qe and Qg are used in the comparison.

In the model, the capacity of the heat exchanger is calculated by summarizing over the eight finite elements

(tube rows) with the following equation:

8 .
0
Q = a. Mair Cp,air,k (Tain,k - Taout,k) 34

k=1
When compared with the experimental data, good agreement is obtained for the predicted capacity of the

heat exchanger, as shown in Figure 3.1.
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Figure 3.1 Comparison of the heat exchanger capacity

Two UA values were calculated in the experiments—one comes from Q¢ and the other, from Qg

Qra‘
UA, = 35
¢ LMTD 39
Q,
UA. = T 36
A LMTD (30



(Tain - Trout) - (Taout - Trin)

Where LMTD (Tain T Om) 37
In /=%
(Taout _Trin)
. . _38 Q
The predicted UA isgivenby: UA= g ——— (398
k=1 LMTD,

Where k=1,2...8istherow number

Qx isthe capacity of each tube row.

(Tain,k - Trput,k ) - (Taout,k N T rin,k)
In (Tain,k B Trout,k)
T T

39)

LMTD, =

aoutk ~ ' rink
Figure 3.2 illustrates comparison of UA values between the simulation results and the experimental data,

and the two matched well.
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Figure 3.2 Comparison of UA values

Comparisons are also made for the average air and refrigerant exit temperatures measured during the
experiment and predicted by the model, shownin Figure 3.3 and 3.4. Asit can be seen from the figure, the model
prediction of the air and refrigerant exit temperature accurately matched those measured by the experiment.

16



-10 ~

Taout (expt.) (C)

-25 T T T T
-25 -20 -15 -10 -5 0

Taout (model) (°C)

Figure 3.3 Comparison of air exit temperature

- P
(631 o
1 1

Trout (expt.) CC)

N
o
1

-25 A

'30 T T T T T
-30 -25 -20 -15 -10 -5 0
Trout (mOdel) (0 C)

Figure 3.4 Comparison of refrigerant exit temperature
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3.2 Model validation under frosted conditions
Ten data sets (Case 1 to Case 10 in Table 3.2) are designed to validate the model under frosted conditions,

as described in Appendix C. Another data set (Case 11) was added to provide more information. Their operating
conditions are listed in Table 3.2.

Table 3.2 Operating conditions for model validation under frosted conditions

Airinlet Refrigerant inlet Air inlet Air Refrigerant mass
Data temperature temperature: relative velocity: flow rate;
Set Tain(°C) Trin (°C) hu;L (Ijr: ty: vel mra‘ kg/9)
(m/s)
Casel 0 -10 90% 13 0.45
Case?2 0 -10 90% 13 0.2
Case 3 0 -10 90% 13 0.26
Case4 0 -30 90% 22 05
Case5 -20 -30 70% 22 05
Case 6 -20 -30 70% 13 05
Case7 0 -10 90% 09 05
Case8 0 -10 80% 09 05
Case9 0 -10 70% 09 05
Case 10 -20 -30 70% 09 05
Case 11 -8 -32 90% 0.6 05

For clarity, each data set is named using the following format: air inlet temperature/refrigerant inlet
temperature/air inlet relative humidity/air vel ocity/refrigerant mass flow rate. For example, 0/-10/90/1.3/0.45
represents Case 1. Thisformat is used throughout the report.

Asin Table 3.1, each value of the operating parameters shown in Table 3.2 isatime-averaged value
obtained after steady state was reached. All the parameters actually fluctuated with time and the magnitudes of
fluctuations vary from one experiment to another. For details see Appendix D.

To validate the model, measured datainput to the model are: air inlet temperature and humidity, air mass
flow rate, refrigerant inlet temperature, and refrigerant mass flow rate.

3.2.1 Model validation for atypical experiment
Consider atypical case 0/-10/90/0.9/0.5 (Case 8) for example, the predicted air outlet temperatureis

compared with Tpozz1e in Figure 3.5 and the comparison of the refrigerant outlet temperaturesis shown in Figure 3.6.
Carlson (2001) described the comparison of Tpoz21e @nd the average outlet temperature of the six thermocouples and
they agreed within RMS 0.2 °C. Note that the variations in outlet temperature reflect variationsin the input air and

refrigerant inlet temperature.
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Figure 3.6 Comparison of averaged refrigerant outlet temperature for 0/-10/90/0.9/0.5

19

11

12



When frost grows on the tubes and fins of the heat exchanger, massis transferred from the humid air to the
frost layer. Thus, the total load of the heat exchanger consists of two parts—sensible load and latent load.

The equations used to cal cul ate the three loads—total load Q, sensible [oad Qsens and latent 1oad Q) gtent —are
listedin Table 3.3.

Table 3.3 Equations used to calculate load in the experiments and model

Experiments (Carlson, 2001) Model
8 .
[¢]
Sensible _ Qsens = a Mair Cp,air,k (Taink - Taout,k)
load Qsens = Meair Cp,air (Tain - Tnozzle) - Qwindtunnel k=1
(3.10) k=1,2,...8, row humber (3.14)
Latent ) $ -
load (x)latent = Mair (Win - Wout)hsg Qlatent = a. Mair (\Nin,k - Wout,k )hsgk
(3.12) k=t
(3.15)
=M Cy g \Tooue = Toin) - _
Total load Qref r p,ref ( rout rm) c-)tul;)esl2 Q = Qsens + Qlatent
(312) (316)
Qair = Qsens + Qlatent
(3.13)

For the present case, the comparisons of the total load, sensible load and latent load with time along with
measured uncertainties are shown in Figures 3.7, 3.8 and 3.9 respectively. The variationsin output variables reflect
variationsin the measured input air and refrigerant inlet temperature and air inlet humidity.

Notice that time does not start from O in these graphs. The reason is that a pulldown period is needed to
cool theinlet air from the ambient temperature to the desired temperature (in this case, it is0 °C). Thelength of this
period depends on both the ambient conditions and actual operations during the experiment, e.g., thetimeto turn on
the heater and humidifier and achieve new steady state. Refer to Carlson (2001) for more information about

experiments. In Case 8, the pulldown period was about 3.5 hours.
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Figure 3.8 Comparison of the sensible load for 0/-10/90/0.9/0.5
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Figure 3.9 Comparison of the latent load for 0/-10/90/0.9/0.5

Because there were some problems with the air humidity measurement that may affect the accuracy of the
latent load obtained experimentally from Eqn. 3.11, the predicted latent load is also compared with (Qye - Qsens) in
Figure 3.9. However, the latter calculation includes possible error due to the difference between air and refrigerant-
side energy balance, which was found to be 0.15 kW approximately.

Theair inlet and outlet humidity is obtained from the dew point measurement using two General Eastern
dew point meters. The problems are;

The location of theinlet dew point meter was not exactly at the air inlet; instead it was placed outside the

wind tunnel 1.5 m downstream and 0.3 m above the top of the heat exchanger;

Inlet air temperature stratification was observed in some experiments. It isreasonable to believe that the

air humidity was also not uniform at the inlet, which caused the uneven vertical frost distribution among

the nine circuits (Carlson, 2001). So, this measured dew point was not the real inlet humidity;

There was also outlet air temperature and humidity stratification according to the experimental data. So

the dew point meter at the outlet only measured one point and could not tell what was happening in the

other locations.

All these problems add to the af orementioned measurement uncertainties affecting the accuracy of the

latent load and frost mass calculations. They can also explain the discrepancy in the comparison of the latent load

and frost mass in the experiments and model. The uneven-vertical-frost-distribution issue was not addressed in the



model that currently assumes the nine circuits are exactly identical. Aninlet air mixer should be added and the dew

point meter should be relocated for future experiments.

3.2.2 Model validation for eleven experiments
Owing to different operating conditions each experiment was carried out for different number of hours. For

air supply temperature of 0 °C the experiments were carried out usually until the coilswere fully frosted, while for
air supply temperature of —20 °C the experiments were conducted for at |east 24 hours of operation, so therewas a
different amount of frost accumulation at the end of the each experiment. Therefore for all experimentswith air inlet
temperature of 0 °C, comparisons were made at the time when 2.5 kg of frost was formed on the heat exchanger as
per scale measurement. While for caseswith air inlet temperature of —20 °C, comparison was made at 1.5 kg
(approximately) of frost.

The comparisonsfor all eleven data sets are shown in Figures 3.10, 3.11 and 3.12 for the total |oad,
sensible load and latent load respectively.
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Figure 3.10 Validation of thetotal heat transfer for all data sets
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Figure 3.12 Validation of the latent load for all data sets
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Results for capacities and temperatures (air and averaged refrigerant outl et temperatures) in each data set

are summarized in Table 3.4. Please refer to Carlson (2001) for the measurement error of each instrument.

disthe averaged difference between the predicted value and experimental data as shown in Eqgn. (3.17):

d =avg(X - Xei) (3.17)

APD isthe percentage of dover the experimental data, as defined in Eqn. (3.18):

APD = avg|xm’k ~ Xex (3.18)

ek
RMS isthe root mean squared error as shown in Egn. (3.19):
N 2
é (X mk ~ Xe,k)
RMS = X2 (3.19)
N isthe number of experimental data points used in the comparison.
Table 3.4 Comparison of loads, air and refrigerant outlet temperatures

S. Data Q (kw) Qsens (kW) Quatent (KW) * Taout (°C) Trout (°C)
No set APD | RMS | APD [ RMS | APD | RMS d RMS d RMS
1 0/-10/90/1.3/0.45 6% 013 3% 0.06 25% 0.28 02 02 01 01
2 0/-10/90/1.3/0.2 % 0.08 8% 0.08 2% 014 02 02 -0.2 02
3. 0/-10/90/1.3/0.26 13% 0.16 2% 0.02 8% 004 0 01 04 04
4, 0/-30/90/2.2/0.5 9% 047 6% 0.23 8% 0.16 0.7 0.8 -1 1
5. -20/-30/70/2.2/0.5 1% 0.03 6% 011 27% 0.01 03 03 0 01
6. -20/-30/70/1.3/0.5 1% 0.02 2% 0.03 11% 0.01 0.3 0.3 01 01
7. (/-10/90/0.9/0.5 6% 01 2% 0.03 16% 01 01 02 01 01
8. 0/-10/80/0.9/0.5 2% 0.03 3% 004 1% 0.09 02 02 -01 01
9. 0/-10/70/0.9/0.5 5% 0.07 3% 004 26% 01 02 02 02 02
10. -20/-30/70/0.9/0.5 1% 0.02 2% 0.03 5% 0.01 0 01 -0.1 01
11 -8/-32/90/0.6/0.5 2% 0.07 2% 0.05 ™% 0.03 -1.0 10 -0.2 0.2

* Qyatent COMes from Eqn. (3.11).

Generally, we see good agreement between the simulation results and experimental data with the exception
of afew data sets (data set 2, 3, and 4) for total capacity and afew (set 1, 2, 5 and 9) for latent |oad capacity. The

difference can be attributed to the dew point meter issue, the inlet air temperature and humidity stratification and the




uneven vertical frost distribution that may have affected the accuracy of the total capacity and latent load
calculations. Figure 3.13 shows the variation of refrigerant outlet temperatures with time for case 4 (0/-
30/90/2.2/0.5). The model assumes that each of the nine cross counter flow refrigerant circuits have the same
refrigerant temperatures and thus the frost is evenly distributed from top to bottom of the heat exchanger. This
assumption failed in some of the experiments conducted with air supply temperatures of 0 °C, dueto the air
temperature and humidity stratification perpendicular to the air flow at inlet of the heat exchanger. Figure 3.14

shows the variation of air inlet temperatures with time for case 4. It isfound that the air supply temperature is not
uniform, with warmer air at the top than at the bottom. It is due to this reason and also humidity stratification (due to
improper mixing of steam inside the chamber) that causes more frost to grow on top of the heat exchanger than at
the bottom, subsequently reducing more free flow area at the top and thus higher air velocities (higher air side heat
transfer coefficient) causing higher frost growth at the top. In thisway the cycle repeats itself causing more and
more non-uniformity in the refrigerant outlet and air supply temperatures and hence the deviation between the model
prediction and the experimental observations. For cases with air supply temperatures of —20 °C, the frost growth rate
was very low and so the effects of air and humidity stratification were lesser and hence there is good agreement
between the model and experiment. Again for dry cases there was no humidity addition and thus good agreement

was obtai ned between model prediction and experimental data.
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Figure 3.13 Refrigerant outlet temperatures (experimental) for case 4 (0/-30/90/2.2/0.5)
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Figure 3.14 Air inlet temperatures (experimental) for case 4 (0/-30/90/2.2/0.5)

Table 3.5 showsttotal, sensible and latent heat transfer for all the eleven cases with values taken at the time
when 2.5 kg of frost formed on the heat exchanger (as per scale measurement) for experiments with air supply
temperature of 0 °C and 1.5 kg for cases with air supply temperature of —20 °C. Therefrigerant side heat transfer is
selected for total capacity values; the sensible heat transfer istaken from the measured air side values while the

|atent heat values are based on the scale measurements.

Table 3.5 Total, sensible and latent heat transfer for all the cases

Data Set Time Qotal Qsens SHR Qlatent
(hours) (kw) (KW) (Qsens/ Quotal) (KW)

0/-10/90/1.3/045 345 2.204 1532 0.70 05717
0/-10/90/1.3/0.2 10.20 1.110 0911 0.82 0.193
(/-10/90/1.3/0.26 4.90 1.257 0.8%4 0.71 0.402
0/-30/90/2.2/0.5 0.85 5.210 3.24 0.62 1.763
-20/-30/70/2.2/0.5 25.10 1.952 183 0.94 0.041
-20/-30/70/1.3/0.5 17.65 1.285 1.232 0.96 0.067
0/-10/90/0.9/0.5 4.85 1.494 1.081 0.72 0.407
0/-10/80/0.9/0.5 5.95 1475 1135 0.77 0.331
0/-10/70/0.9/0.5 7.85 1471 1.178 0.80 0.251
-20/-30/70/0.9/0.5 9.05 1.359 1.278 0.94 0.131
-8/-32/90/0.6/0.5 2.25 1.9%4 1.680 0.85 0.491
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3.2.3 Air side pressure drop validation with time
Four pressure drops were measured in the experiments to track the change of the air side pressure drop at

four locations along the centerline of the experimental rows of the heat exchanger, as shown in Figure 3.15.

dP4

b dP3
<
< dp2 >

dP1

O O O O
g NG ® ® ®
Air Flow O O O O

Figure3.15 Air side pressure drop measurement

Figure 3.16 compares the measured pressure drop with the predicted results for 0/-10/90/0.9/0.5. The model
prediction the measured pressure drop for this particular case is very close.

In most cases, good agreement was obtained in the comparison of air side pressure drop. However, for a
few cases the pressure drop measurements were not accurate owing to improper alignment of the pressure sensors
and so the model predictionswere not in good agreement. During operation, for cases with higher air velocities, the
pressure sensors got inclined from their initial vertical position giving riseto error in measuring the pressure drop

across rows. Please refer to Appendix D for the validation results for each data set.
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Figure 3.16 Comparison of air side pressure drop for 0/-10/90/0.9/0.5

3.2.4 Model validation of frost mass and thickness
In all experiments, three independent methods were used to measure the frost mass. First, the heat

exchanger rests on a scale, which shows how the total mass of frost increases with time. Second, defrosted water is
collected after the experiment, which gives the total amount of frost that grows on the whole heat exchanger. The

third method isto use theinlet and outlet dew point meters to calculate frosting rate (kg/s):

Mt = Mair (Win - W, )) (320)
In the model, the frosting rate is calculated for each of the eight tube rows and added together, as shownin
the following equation:

8

. 8 -
ma = a Mair (\Nin,k - Wout,k) (3.21)
k=1

The same time interval was used in the experiments and the model (i.e., three minutes). For these comparisons, the

model inputs the actual (3-minute average) experimental datarecorded during the experiments (T4, RHin, Trin,
Mair , Mret )

Figure 3.17 compares the predicted frost mass to that obtained from the experiment (0/-10/90/0.9/0.5) using

the two methods mentioned above. The error shown for the final frost mass calculated from the dew point meters

came from the £0.2 °C uncertainty of the dew point measurements. Only two of the three experimental methods

matched well with each other—the scale reading and mass of water collected (see Carlson (2001) for details), while
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the frost mass cal culated from the dew point measurement is almost twice as much as what the scale shows. The

predicted result usually falls between these two for most of the cases.
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Figure 3.17 Comparison of the frosting rate for 0/-10/90/0.9/0.5

This discrepancy is due to the same problems discussed when predicted latent |oad was compared with the
experimental data. The model was using the measured inlet dew point (RH;,) as one of itsinputs and the predicted
frosting rate tends to be within about 20% of the experimental results calculated using the dew point meters. The

difference between these two is shown in Figure 3.18.
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Figure 3.19 shows the comparison of the measured mass transfer by scale, defrosted water and dew point
measurements. From the figure it can be seen that the mass transfer from dew point measurementsis over predicting
that measured by scale. However, the defrosted water measurements are in close agreement with that of scale.

No instruments were used in the experiments to measure the frost thickness due to the difficulty in
measuring the frost thicknessin full-scal e heat exchangers. Instead, the thickness was measured with the pictures
taken of each row fromtime to time. Figure 3.20 shows the photos of rows 1, 3, 5 and 7 at the end of the 11-hour
experiment (0/-10/90/0.9/0.5).

Figure 3.20 Frost picturesfor 0/-10/90/0.9/0.5 (top view)

It can be seen that aruler was placed before each of the four rows to help measure the frost thickness. Even
so, itisvery difficult to measure the thickness from these photos because the ruler is not accurate enough and the
pictures are sometimes very obscure or dark to read. The uncertainty was very large, about +1/32'" (+0.79mm).

The measured frost thickness is compared to the predicted values for 0/-10/90/0.9/0.5 casein Figure 3.21.

Similar fair agreement was obtained in the other cases, which can be found in Appendix D.

<& Row 1(expt.) O Row 3(expt.)

3 -
A Row 5(expt.) O Row 7(expt.)

—~Row 1(model) ——Row 3(model)

>
>0

—Row 5(model) — Row 7(model)

Frost thickness (mm

3 4 5 6 7 8 9 10 11 12
Time (hour)

Figure 3.21 Comparison of frost thickness for 0/-10/90/0.9/0.5



3.3 Discussion
From the comparisons presented above and in Appendix D, it can be found that the model results agree

very well with data under both dry and frosted conditions. Capacity, airside pressure drop, mass of frost, mass of
frost thickness etc. can be well predicted.

Next, we present some interesting results from the model.

One of the goals of thisresearch isto identify and analyze the factors affecting the frost deposition pattern
(FDP) with the ultimate objective of finding waysto control the frost to be uniformly distributed across the surface
of the heat exchangers and decrease the blockage effect of the frost on the air flow and thus increase the time
interval between defrost.

FDP depends on the geometry of the heat exchanger and operating conditions. For a particular heat
exchanger, the operating conditions play the most important role in causing different FDPs.

A wide range of FDPs has been observed on this heat exchanger. In some cases, more frost would form at
theleading edge. Model results show that air velocity, air inlet humidity, and surface temperature (determined by
refrigerant mass flow rate, inlet refrigerant temperature and air inlet temperature) all affect the FDP, as shownin
Figures 3.22, 3.23, 3.24 and 3.25. From Figure 3.22 we see that low air velocity, high air inlet humidity, high
refrigerant mass flow rate (i.e., smaller refrigerant temperature rise) causes more frost to form on the front rows.
Changing in the air inlet humidity with other parametersremaining constant (figure 3.23), it is observed that the
frost deposition pattern does not change much, however the amount of frost deposited increases with an increase in
theair inlet humidity. Again from figure 3.24, it can be seen that for asecondary refrigerant the mass flow rate of
refrigerant has little effect on the FDP as compared to the effect of changing velocity depicted in figure 3.22.

Finally, decreasing the air supply causes more frost to grow on the front rows than the back as shown in figure 3.25
and visaversa. Keeping these observationsin mind would help us achieve design the proper operating conditions,

which could lead to uniform frost distribution as well as desired performance of the heat exchanger.
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3.4 Conclusions and recommendations for future work
Thisreport provides a good model and insight for predicting the performance of afull-scale heat exchanger

with plain fins under frosted conditions. Experimental model was successful overall. Outlet air temperatures were
predicted within the range of experimental uncertainty as shown in Table 3.4. Thusthe model’ s ability to predict the
sensible heat transfer during frosting conditionsis excellent. Prediction of the latent heat transfer was far less
accurate (APD’ s of 5to 29%), apparently due to poor placement of the inlet due point measurement, which
overestimated mass transfer (for most of the cases) compared to the other two direct measurement techniques
employed as shown in Figure 3.19. Since the inlet dew point measurement (placed in the middle of the evaporator
chamber) was closer to the steam addition there exists a strong possibility that the measured inlet dew point was
higher than the actual dew point at the exact inlet of the heat exchanger. Consequently, the temperature difference
between the inlet and outlet dew point measurement was higher than the actual and hence could account for the
much higher prediction of the frost mass deposition using the dew point measurement as compared to scale
measurement. For future experiments this measurement error can be significantly reduced by sampling the air at the
exact inlet of heat exchanger for inlet dew point measurement. Since the model was forced to rely on the inlet dew
point measurement, its prediction of mass transfer agreed more closely (~20 %) with that obtained from the dew
point measurement as shown in Figure 3.18.

Interestingly, despite theinlet dew point uncertainty, the model prediction of total (sensible plus latent)
capacity agreed with refrigerant side heat transfer within the limits of experimental error, asindicated by the
predictions of the refrigerant exit temperature shown in Table 3.4. For most of the experiments, the SHR (Sensible
Heat Ratio) was so large, 70 to 96% as shown in Table 3.5 that errorsin predicting mass transfer did not have
significant effects on Qqta. However, the effects are still important because of the effect of frost on rate of
degradation of Qgens.

In future efforts could be made in predicting the optimal defrost time for adisplay case heat exchanger
using this model and also extend the present model to other heat exchanger geometries, for example staggered fin
arrangements. Also, present model can be modified to predict the effect of the previously discussed parameters on
FDP for direct expansion coil type heat exchangers. Finaly, if the frost/defrost model could be generalized to many
kinds of heat exchangers including micro-channel heat exchangers and fin surface enhancements, great progress

could be made in the management and control of frost in the refrigeration system.



Chapter 4: Simulation of the Performance of the Heat Exchanger under the Effect
of a Fan Curve

4.1 Introduction
The heat exchanger described in Chapters 2 and 3 was designed based on the geometry of heat exchangers

that are typically used in the supermarket display cases (Carlson, 2001). In this chapter, it is placed into avirtual
duct and runs under the control of two identical fansworking in parallel as shown in Figure 4.1. Thisisthetypical

configuration of supermarket display cases (Terrell, 1999).

— |

Airflow 8

Evaporator Duct Fans

Figure4.1 Schematic of the supermarket display case

Typically, two fans of 5W SPtype areinstalled in adisplay case refrigerator manufactured by Tyler. The
fan curve for each of the fan provided by Kempiak (2001) is shown in Figure 4.2. Figure 4.3 shows the fan curve for
two fans (each of the type shown in figure 4.2) operating in parallel.
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Figure4.2 Fan curve (Kempiak, 2001)
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Figure 4.3 Fan Curvefor two fansin parallel

Since these fans operate in parallel inside the duct, the rel ationship between pressure drop across fan and the

volumetric air flow rate across the heat exchanger can be expressed by the following relation

dP,, =-2*10°*V 4 + 7*10 °*V 4>~ 0.0013*V 4+ 0.1497 41
Where, dP,,, = Pressure drop across the fan, inH,0
Vi = Volumetric flow rate of air, CFM

Also, the pressure loss due to airflow in the duct is given by

deuct = %>Cd X air >Q/elairz (4'2)

Where, dP,,, = Pressure loss across the duct, inH,O
C, = Dimensionless pressure loss coefficient
vel ;. = Air face velocity, fpm

Mao et al. (1997) studied asimilar heat exchanger typically used in a supermarket display case, with aface
velocity of 0.5 m/s and corresponding volumetric flow rate of 162 CFM. At thisflow rate, the pressure drop across
the heat exchanger (predicted by the model) and fan curve were 0.01 inH,O and 0.037 inH,O respectively.
Therefore, the pressure drop in the duct was 0.027 inH,O and Cy is determined to be 45.13 from Eqn.(4.2). Actually,



our heat exchanger was designed based on the geometry and performance of their heat exchanger. The virtual duct
shown in Figure 4.1 isalso very similar to their duct. So C4=45.13 isused in the simulation.

4.2 Simulation model
To the quasi-steady frosting model was added a fan curve equation to simulate the performance of the heat

exchanger in this scenario.

Carlson (2001) presented the typical display case operating conditions. Only the meat case conditionis
simulated here (i.e., air inlet temperature at about 2 °C and refrigerant inlet temperature around -6.7 °C). Sincea
single-phase refrigerant (HFE 7100) is used in the heat exchanger, its mass flow rate could be adjusted to simulate
both the DX coils and the indirect coils. Table 4.1 lists the two conditions used in the simulation. The first oneis
used to simulate the DX coil with avery large mass flow rate of refrigerant and hence small temperature glide. The
second with relatively low mass flow rate of refrigerant is used to simulate the operations of a secondary refrigerant
(large temperature glide). The refrigerant inlet temperature is chosen to achieve exactly the same sensible capacity
for both coils (here, Qgens = 0.65 kW).

Table 4.1 Operating conditions for two simulation cases

Operating conditions DX Secondary
Airinlet temperature (°C) : Tan 2 2
Refrigerant inlet temperature (°C) : Tiin -53 -74
Airinlet relative humidity: RH;p, 9% 0%
Initia air volumetric flow rate (CFM): Vair o 17
26 0.35

Refrigerant mass flow rate (kg/s): Mres

Asin Chapter 3, these two simulation cases are named using the format: air inlet temperature/refrigerant
inlet temperature/air inlet relative humidity/air velocity/ refrigerant mass flow rate. Therefore, the DX coil is named
as 2/-5.3/90/0.5/2.6 and the secondary refrigerant case, 2/-7.4/90/0.5/0.35.

4.3 Results and discussion
For asimulation period of fourteen and a half hours Figures 4.4 and Figure 4.5 depict the fan curve for DX

coil and indirect refrigeration respectively. Asseenin Figure 4.4 and 4.5, the increase in the pressure drop across the
fan withtimefor DX caseis 1.5 timesthat acrossindirect case. Also, at the end of simulation period, the CFM drops
by 49% for DX coil while for indirect refrigeration it drops by 22% as shown in Figure 4.6, for the operating
conditions described in Table 4.1. Thus for the same capacity and air supply temperature, the indirect refrigeration
can sustain longer time between defrosts as compared to the DX case, if the decrease in volumetric flow rate is
considered as the criterion for initiating defrost.
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Figure 4.4 Fan operating range (DX)
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Figure 4.6 Degradation of the volumetric air flow rate

Figure 4.7 shows the decrease in the capacity of the heat exchanger with time for both the cases. It can be
seen that 23% drop in total capacity of the heat exchanger is encountered in DX case four hours before that in
indirect case. The sensible capacity of the heat exchanger is also affected by the frost in the same way as total
capacity for both the cases, as shown in Figure 4.8. Hence, if drop in capacity is considered as the defrost criterion
then also theindirect refrigeration system offerslonger operation periods and hence lesser number of defrosts than

DX case.
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Meanwhile, although the frosting rate for the whole heat exchanger is the same for both cases as shownin
Figure 4.9, the frost distribution pattern istotally different. In the DX coil case, the amount of frost that grows on the
leading-edge row at the end of simulation period is amost seven and a half times that on the trailing edge row, as
shown in Figure 4.10. In contrast, the amount of frost growth on the leading-edge row for indirect refrigeration is
two times that on the trailing edge row at the end of simulation. Also the amount of frost growth on the leading edge
for DX caseis 50% more than that for indirect refrigeration, while at the trailing edge the frost growth for indirect

caseistwice asmuch as DX case.
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0 - T T T T T T T
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Figure4.9 Total frost deposition rate
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Figure4.10 Frost mass deposition patterns

The different frost deposition patterns can be explained by examining the absolute humidity glides as
shown in Figure 4.10 for the DX coil and Figure 4.11 for the secondary refrigerant case. The absolute humidity
difference between the humid air and saturated surface isthe driving force for frost formation. The higher the
differenceis, the more frost grows on the surface of the heat exchanger. From these two graphs, we can see that
large absolute humidity difference at the leading edge causes most of the frost to form in the DX coil case. The

absolute humidity glide is affected by the temperature glide, which can be adjusted to control the frost mass
distribution.
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In reality, we care more about frost thickness distribution than frost mass distribution because it isthe one
that actually affectsthe air free flow areaand heat transfer coefficient, and therefore affects the capacity and air side
pressure drop which will determine the air mass flow rate under the control of afan curve. Figure 4.13 showsthe
frost thickness on the eight tube rows at the end of simulation period for these two cases. The variation in the frost
thickness distribution istotally different for both the cases as the temperature difference is more at the leading edge
and much less at the trailing edge for the DX coil in comparison with the almost constant temperature difference of
secondary refrigerant coil. For DX case, the frost thickness is much more at the leading edge than at the trailing edge
owing to much larger absolute humidity difference at the leading edge as shown in Figure 4.11. In contrast, the
secondary refrigeration has an almost uniform frost thickness distribution from the leading edge to the trailing edge
owing to less variation in the absolute humidity glide as shown in Figure 4.12. In spite of higher absolute humidity
difference at the leading edge than at the trailing edge, the frost thicknessis higher at the trailing edge than at the
leading edge for indirect refrigeration. Thisis dueto the variation in density of the frost from leading edge
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Figure 4.13 Comparison of frost thickness distribution

to thetrailing edge as shown in Figure 4.14. As shown, variation in the density of the frost along the rowsis higher
in case of indirect refrigeration as compared to DX coil. Also the frost density is higher at the leading edge for

indirect case than the DX case and visaversa.
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Figure4.14 Frost Density Distribution for both cases

Figure 4.15 and 4.16 show the air, wall and refrigerant temperature distribution across the rows at the end
of simulation period for DX and indirect refrigeration cases respectively. Owing to the higher temperature difference
between air and the wall at the leading edge for the DX coil, frost mass deposition is higher at the leading edge than
the trailing edge. For the secondary refrigerant case, the frost mass deposition is nearly constant across the rows

because of the nearly constant temperature difference between air and wall as shown in Figure 4.14.
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4.4 Conclusion and future recommendations
After comparing the pressure drop, volumetric flow, sensible capacity and frost thickness distribution for

DX and indirect refrigeration for the operating conditions specified in Table 4.1, it can be concluded that indirect
refrigeration offerslonger time between successive defrosts due a more uniform frost distribution pattern. However,
the DX behavior predicted by the current model and presented in this analysisis based on very high mass flow rate
of secondary refrigerant causing a negligible refrigerant temperature glide to simulate DX behavior. It does not
include the effects of refrigerant pressure drop and changing heat transfer coefficient (refrigerant side), which area
typical of DX refrigeration system. In future, the current model could be extended to include actual DX behavior,
incorporating the heat transfer and pressure drop correlations of atwo phase refrigerant, thereby combining
effectively the features of DX and indirect refrigeration to obtain the most favorable operating conditions for

uniform frost growth across the heat exchanger and thus minimize the frequency of defrosts.
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Appendix A Fin Surface Efficiency

A.1 Fin surface efficiency under dry conditions
The surface efficiency under dry conditionsis obtained from the fin efficiency with an area-weighting

factor (Incropera and DeWitt, 1990):

h, =1- :” (1- h f) (A1)
Where A, fin surface area
A=A+ A total heat transfer area

A tube outer surface area

h, fin efficiency

h o surface efficiency

Because of the staggered tubes in the evaporator, the fin efficiency h ¢ iscalculated using the sector

method with conduction. As shown in Figure A.1, the hexagonal area of fins around each tube is divided into eight

zones. Each zoneisthen divided into four sectors. The number of sectors can be increased for better approximation

1

<

A
L/
N
L/

\
/

Figure A.1 Sector method (plain-fin)

Thetotal fin efficiency can be calculated by the sum of the multiplication of fin efficiencies for each sector

in each zone and S, divided by the sum of surface areas of all eight sectorsin each zone.



N
o)

a thn
(= —“:3 (A2
as

n=1

Where S, surface area of each sector (see below for calculation)

h,, isgivenin terms of modified Bessel functions:

h =— i gK (mroo n) ( roo,n )I l(mri ) 3 (A3)
" rr(rozo,n )éK ( oon)I (mr ) +K ( ri)ll(mroo,n)g
m= 2N, fin
, fin parameter

K inFin

h, airside heat transfer coefficient, W / m* xK

Kq,  finconductivity, KW /m: K

F.,  finthickness, m

n=1234

N=4 (number of sectorsin each zone)

Two radii are needed for the sector method. Oneistheinner radius I, that depends on the fin-tube

connection. ARI Standard 410 (1981) recommends the following equation for plate-type fins with collarstouching
the adjacent fin.

(A9
2
: inner radius (different from tube inner radius)
D,  tubeouter diameter

The other radius I isouter radius, which comes from the approximation of area of the hexagonal using

that of acircle with radius equal to I'; (Korte and Jacobi, 1997). I'; isobtainedfrom r, = R I, where R is
theradiusratio and N representszone 1 to 8.

R, and S, arecalculated differently in sectors for zone 2, 3, 6, and 7 from sectors for zone 1, 4, 5, and 8.
For zone 2, 3,6, and 7:

azn - 1o aeL o
= A5
R = \/ 2N g gM [} #9




2

R o EMO. gy 180 DM Q0 "
& é&NLg & NL o
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Wheren=1,2,34andN=4,and M =—, L=—.
2 2
For zone 1, 4, 5, and 8:
M [a&2n- 16 &l ¢
=—.|¢C +¢—=+ +1 (A7)
rr e 2N geM g
r.‘2 7 .. _ RN
S, =1 (R - 1)§an 1BIE 0. o - UL 9
2 &éNM g NM o

Wheren = 1,2, 3,4 and N=4.

A.2 Fin surface efficiency under frosted conditions
Though many efforts have been devoted to study of fin surface efficiency under dehumidifying conditions,

the available literature on frosted heat exchangers still offersvery limited information. Therefore, for the present
study the wet fin surface efficiency is determined by analyzing the heat balance across an element of thickness dx
m, shown in Figure A.2. The heat balance states that the rate of heat flow entering the fin element at positon 1 from
the end of the fin plus the heat transferred by conduction from the frost surface to the element.

—» Fin €
1v. |
Surface 1
temperature Tso _p 2t
Average —»
thickness d,

Ty

Figure A.2 Wet Fin surface Efficiency

The heat balance for thefin element is

—* +k d - k —h ! (A9)
f| n fr Z XQ i
2 é d - 2 g =
9 fr ) gz



fth %de 9 &de 0 u gso - Tf 0

o}
: T U=k, dx = A10
2 Eac, Eoag CEd, ; "o

Ts temperature of fin, °C

fin

where

The wet fin surface efficiency determination is similar to that of dry fin surface efficiency except that the

fin parameter, m as obtained form Eq. (A10) is now defined as

(A11)

The variation of frosted fin surface efficiency with frost thickness for one operating conditions, 0/-
10/90/1.3/0.45 is shown in Figure A.4 It can be seen that when the frost thickness grows from 0 to Imm thefin
surface efficiency increases rapidly reaching 98% after 1mm of frost has been deposited on the fins. Eventually the
fin surface efficiency reaches 100% with the frost thickness of 3.5 to 4mm, with the heat exchanger being blocked
completely. Thusit can be concluded that once 1mm of frost gets deposited on the fin, the reduction in heat transfer
duetoinsulating effect (lower thermal conductivity of frost) of frost causes the entire fin to be at the base

temperature.

0.9 ~

0.8 7

0.7
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0 T T T T T T T T
0 0.5 1 15 2 2.5 3 3.5 4 4.5

Frost thickness (mm)

Figure A.4 Variation of predicted fin surface efficiency with frost thicknessfor 0/-10/90/1.3/-0.45.



Appendix B: Heat Transfer and Pressure Drop Correlations

B.1 Air side heat transfer coefficient correlations

1) Wang and Chang (1998)
ha,wang = jwang )Gmax >Cp,a XPI'% (B'l)
-0.502 0.0312 -128
. aP 0 a_0 &P 0
j, =0.357Re ;32-328g—‘¢ >3 g—': (B2)
Ra gDC g é&D.g
) 6 0031 00.607>(4— N)
In ~ 090152 245Re 00 ®3)
Ja e edo g
2 Wang, Chang, Hsieh, and Lin (1996)
.- 0.0449 .0.212
j =0.3% Reb%392§i§ NP- 0-08975@% (B4)
Dc g D¢ g
3) Kim, Y oun and Webb (1999)
ha,kim = jkim >Gmax )Cp,a @r% (B-S)
. 0369, P, F. P
[ =0.163 Re, 0.369 ( Ft )0.106(3)0.0138( Bt ) 0.13 (B.6)
|
. , (3-N)
In= e —o14,P «. F... P
.N 1,2 :1.043>@ReD 014(?) 0.564(3) o.123(3t)117l;l B7)
In=3 e | u

The comparison of the limitations of each correlation and the experimental conditionsis shown in Table
B.1
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TableB.1 Air side heat transfer coefficient correlations

Limitation on Correlations

Experimental conditions

NP=2

NP=8

154<Ph/D.<163 R /D;,=26

Wang and Chang Rep¢ > 2000 500< Rep. < 25000

(1998) Fs=14~122mm Fs=8mm
D;=752mmor 10.23mm D.=12.7mm
P, =204 mmor 21 mm P, =381mm
P =12.7mmor 16.7 mm P =33mm
800<Rep, < 7500 500< Rep < 25000
Wang, Chang, Hsieh, 0.13<Fx<0.2mm Fh=02mm
and Lin (1996) 1.74<F,<3.20 F=3

D;=1023mm D.=127mm
P, =254mm P,=381mm

Kim, NP=1,2
Y oun and
Webb

501 £ Rep. £ 14430
1I54£ P/ P £ 1654
2399£ P,/ D.£ 2.877
0.135£ (Fs-Fun) / Dc£ 03

(1999)
NP3 3

505£ Rep £ 24707
0.857£ P/ P £ 1654
1996 £ P,/ D £ 2.881
0.081 £ (Fs-Fun) / Do £ 0.641

573< Re,, <1957
P/ P =1155

P/ D.E 3

(F<Fun) / D= 061

B.2 Air side pressure drop correlations
The air side pressure drop can be calculated using the following equation (Kays and London, 1998):

pp =5

Where G,

:
me sy @K, +1- 5
2 8

1

Jrox(2- 1+ fxlddm g5 k)%
v, v,

Vi

max air velocity (based on minimum flow area), kg/nf-s

specific volume of inlet air (m°/kg)
specific volume of inlet air (m/kg)

man specific volume (m*/kg)

total heat transfer area

freeflow area

friction factor

(B.8)

OO



A

f )

S = = ratio of freeflow areato frontal area
Afrontal

K. entrance |oss coefficient

K exit loss coefficient

K, and K, evaluated on the assumption of uniform velocity in the duct, are functions of the contraction
and expansion geometry and , in some cases, of the Reynolds number in the tubes. Kays and London (1998)
presented some analytical values of these coefficients for anumber of simple entrance and exit geometries. In our
study, K, =0.6 and K, =0.15 were used based on the analysis of Kays and London (1998).

The available literature provides two air side friction factor correlations for plain fin heat exchangers with
round tubes—Kim, Y oun and Webb (1999), Wang et a. (1996) applicable to the range of geometry and operating

conditions used in the display case.

1) Wang et al. (1996)
- 0104 0.197
. 0 .0
f =1.039 ><Re'D (2.418 th : x| 00935 s : (B.9)
gDc 4] gDc /]
Their test conditions are:
F;, =0.130r0.2mm, F, =1.74 ~ 3.21mm,
D, =10.23mm, P, =25.4mm,
P =22mm, NP =2,4,6

800 < Re,, < 7500

2 Kim, Y oun and Webb (1999)
Ain Ain F
f=f, ><A._i+ f, X(1- Af, ) q(1- F—‘“ (B.10)
p
. _ P,
Where f, :§40.25+%Ret, 019 >(Bt- 1) (B.11)
e u
8
e u

,.-0.347 ,123

-0.134
: 2 0] a0 &P 0
f. =1.455xRe, °~656>§—t¢ s —L (B.12)
Pg eDg ¢éDg
Thelimitationsin the correlations are the same aslisted in air side heat transfer correlations (Kim, Youn

and Webb (1999)).
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B.3 Refrigerant heat transfer correlations
The Gnielinski correlation for fully developed (hydro-dynamically and thermally) turbulent flow in a

smooth circular tubeisused. The correlation is expressed in Equation B.13.

(f /8)(Re, - 1000)Pr,,

— (B.13)
1+12.7(f /8)/2(Pr., %*- 1)
Where f friction factor
Regi Reynolds number based on inner tube diameter
Pries Refrigerant Prandtl number
This correlation isvalid for 0.5 < Pr < 108, 2300 < Rey; < 5x10°.
Thefriction factor comes from the following equations:
Term = 2457 In 1 (B.14)
' (7/Re4)*° +0.27 Relrough '
A=Term®™ (B.15)
B = (37530/Re,, )" (B.16)
Term, = ; (B.17)
2 (A + B)alz ’
Term, = i (B.18)
€
f =8 (Term,”” + Term,)"*? (B.19)

Relrough isthe relative roughness of the tube surface and can be expressed in Eqn. B.20 (ASHARE
Fundamentals, 1987):

1.5*10°°

Relrough =
J di

(B.20)

Generally speaking, the thermal entry length X in turbulent flow will affect the heat transfer coefficient.

X
Incroperaand DeWitt (1996) defined X as: f =10. Kays and Crawford (1993) analyzed the effect of thermal-
|

entry-length on the heat transfer coefficient for turbulent flow in acircular tube. They found that for small Prandtl
numbers, this effect is very pronounced and increases with Reynolds number. However, at Prandtl number above 1,
the thermal-entry -length effect becomes less and | ess i mportant.

Their results show that at Pr=10 and Re=100,000, when x/di=0, Nu,/Nuq=1.05; when x/di =10, Nu,/Nu¢q4
=1.02; when x/di=20, Nu,/Nu¢y=1.01; and at x/di > 30, the local Nusselt number is almost the same as the fully
developed flow Nusselt number, which means Nu,/Nu¢g=1.00.



In our experiments, the length of each refrigerant passis L=0.70m and the inner diameter of tubesis
di=0.011m, so L/di=64. Assuming the Reynolds number is 100,000, then Nu,/Nugq
=(1.05*10+1.02* 10+1.01* 10+1*(64-30))/64 = 1.01, which means that the entry-length effect isonly 1% for
Re=100,000. Since at lower Reynolds numbersit should be even smaller, then the effect of thermal-entry-length on
refrigerant heat transfer coefficientsis negligible in this study since the range of the Reynolds number is 3000~8000

in the experiments. So, Gnielinski correlation was directly used without any correctionsin the model.

61



Appendix C: Test Matrix

This Appendix shows the results of simulations made prior to conducting the experiments, in order to
identify the operating conditions that would result in different frost deposition pattern, sensible heat, latent heat etc.

Simulations in this appendix were made using the earlier version of the model, which relied on some
assumptions and correlations that have since been replaced by others. The results are qualitatively similar to those
obtained with latest version of model that is documented in the body of this report.

The frost deposition pattern (FDP) depends on the geometry of the heat exchanger and operating
conditions. For a particular heat exchanger, the operating conditions will play the most important role in causing
different FDPs.

The running conditions can be described by the following five parameters and their typical values are given
inTableC.1.

Table C.1 Five parameters and their typical valuesfor running conditions

Parametersfor running conditions Typical values
Air inlet temperature (°C): Tan 0,-20
Refrigerant inlet temperature (°C): Tyin Tain-10
Air inlet RH: RH;, 70%, 80%, 90%
Air velocity (m/s): vely, 0.6,0.9,13 22
Refrigerant temperature rise (°C): DT ¢ 1, 3, 5 (or max that isreachable)

These parameters affect the FDP on this particular heat exchanger very differently. Among them, the air
face velocity (or Reynolds number) isthe most important factor.

Table C.2 lists four running conditions at four different air face velocity: 0.6m/s, 0.9m/s, 1.3m/sand 2.2m/s
respectively with other parameters remaining the same (T,=-20 °C, Ty, =-30°C, RH;, =70%, m& =0.5 kg/s). The
small graph shown at the right hand of each test run shows the predicted mass of frost accumulated on the four rows
after 10 hours with Row 1 being the air inlet and Row 4 air outlet.

It can be seen from Table C.2 that a higher velocity “ pushes” frost deposition to the trailing edge. More
specificaly, at 0.6 m/s, thereis more frost on thefirst row. But with 0.9 m/s, the most-frosted rows have changed to
the second and third row. Note that under this condition, a more evenly distributed frost pattern is obtained. Aswe

continue to increase the vel ocity, more frost grows on the back rows with very little frost on the first row at 2.2m/s.
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Table C.2 Effect of air face velocity on FDP

Tain=20 OC, Tiin= '300C, RHi, =70%, Mrer =0.5 kg/S

Tain Trin RH_in vel_air d_Tref (m_ref) 400
20 30 70% 0.6 1.8 05 ||
200
Row 1 2 3 4 100 I l
m_fr (g) 202 183 150 116 o
1 2 3 4
Tain Trin RH_in vel_air d_Tref (m_ref) 400
20 30 70% 0.9 2.3 05 ||
200 -
Rw 1 2 5 s BN
m_fr (g) 189 217 214 196 0 -
1 2 3 4
Tain Trin RH_in vel_air d _Tref  (m_ref) || %004
20 30 70% 13 276 05 ||
200 4
Row 1 2 3 4 100 J I I l
m_fr (g) 156 222 254 261 0 -
1 2 3 4
_ . _ _ 400
Tain Trin RH_in vel_air d_Tref (m_ref) 30 4
-20 -30 70% 2.2 3.4 0.5 200
Row 1 2 3 4 100 4 I
o | 1l
m_fr (g) 80 185 271 333
1 2 3 4

Due to limitation of the experimental setup, a minimum capacity of the heat exchanger (Qmin ) isrequired to

run the tests successfully, which should be larger than or at least equal to the sum of transmission load through the
chamber wall (Q;) and the capacity of the blower (W jower). According to Diane et al. (2001), at T4,=0°C, Q; =041

kW and T4n=-20 °C, Q; =0.85 KW; Wy qwer is about 0.38 kW at lower velocity (vel, £ 1.3 m/s) and 1.3 kW at 2.2

m/s. So at T,4,=0°C and low air velocity (velg, £ 1.3 m/s), the minimum capacity of the heat exchanger: Qnin=0.79

KW; at Ton= 0 °C and vely, = 2.2 m/s, Qmin=1.71 kW; at T5,=-20 °C and low air velocity (velg, £ 1.3 m/s),

Qnin=1.23 kW; at T4,=-20 °C and vely, = 2.2 m/s, Qmin=2.15kW. In Table C.2, when the air velocity is 0.6 m/s, the
total capacity of the heat exchanger isonly 0.93 kW, lower than the minimum capacity required. So this caseis not

achievablein experiments. Only 0.9 m/s, 1.3 m/s, and 2.2 m/srunning conditions are included in the tentative test

matrix.

In the experiments, asingle-phase refrigerant is chosen so that the refrigerant temperature glide can be

controlled. Changing the refrigerant mass flow rate will change the temperature glide. For example, alow flow rate




will lead to aparallel temperature glide between the air side and refrigerant side while ahigh flow rate will givea

very flat temperature glide, which can be used to simulate DX coils.

The effect of DT (i.e., refrigerant temperature glide) on the FDP is shown in Table C.3 where four

different DT« S have been used.

Table C.3 Effect of refrigerant temperature glide on FDP
Tain=0°C, Tin =-10 °C, RH;, =90%, vely, =1.3 m/s

3000

2000
Tain Trin RH_in vel_air d_Tref (m_ref)
1000
0 -10 90% 1.3 5.3 0.2
D T T T
Row 1 2 3 4 1 5 5 4
m_fr (q) 712 1030 1265 1413
3000
Tain Trin RH_in vel_air d_Tref (m_ref) | 2000
0 -10 90% 1.3 5 0.26 | 1000 I I
Row 1 2 3 4 0 T T T
m_fr (g) 1024 1337 1547 1672 ] 2 ! 4
3000 -
Tain Trin RH_in vel_air d_Tref (m_ref) | 2000 4
0 -10 90% 1.3 4 0.45 1000 l I I I_
Row 1 2 3 4 25 ' ; -
1 2 3 4
m fr(g) 1783 1980 1990 1894
3000
Tain Trin RH_in vel_air d_Tref (m_ref) 2000
0 -10 90% 1.3 1 2.6 08 I ._
Row 1 2 3 4 B : : ;
1 2 3 4
m_fr(g) 2637 2053 1527 1138 ,

Table C.3 showsthat at high refrigerant temperature drop (low mass flow rate), thereislittle frost on the

first row and alarge amount of frost on the back rows. With a decrease in temperature drop, more frost startsto

grow on the middle rows and then on the leading edge of the heat exchanger. At high massflow rate, the

temperature glideisalmost flat (only 1 °C drop), which can simulate aDX coil with more of the frost growing on

the front rows and little frost on the back rows. However, because the maximum refrigerant mass flow rate that can

be reached in the experimentsis about 0.5 kg/s, only thefirst three of the four tests are actually achievable and thus

included in the tentative test matrix.

Beside air face velocity and refrigerant temperature glide, air inlet humidity also affectsthe FDP. For 0 °C

and —20 °C, the absol ute humidity corresponding to the three relative humidity levels are shown in Figure C.1:
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5 0.001 - -20 °C, 80%
(@]
2 0.0005 20°C, 70% o ®
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Figure C.1 Absolute humidity

It can be seen that under —20 °C, the absolute humidities for 70%, 80% and 90% are very closeto one
another. Changing relative humidity will not dramatically change FDP. At 0 °C, FDPs are different when the
relative humidity changes. Table C.4 shows the predicted frost deposition patterns under three different humidities.
It is easy to understand that the higher the air inlet humidity is, the more frost will grow on the heat
exchanger since more water vapor will be removed from the humid air when it passes through the cold coils. But it
isvery interesting to see how frost distributes across the heat exchanger. At high humidity, more frost tends to grow
on the front rows. Asthe humidity decreases, the back rows starts to get more frost.

These three cases are included in the tentative test matrix.



Table C.4 Effect of air inlet relative humidity on FDP
Tain=0°C, Tyin =-10 °C, vely, =0.9 m/s, DT =3°C

2000
1500
Tain Trin RH_in vel_air d _Tref  (m_ref) 1233
0 -10 90% 0.9 3.1 0.5 1]
Row 1 2 3 4 1 2 3 4
m_fr (g) 2001 1920 1653 1376 000
1500
Tain Trin RH_in vel_air d_Tref (m_ref) || 1000
0 10 80% 0.9 3 0.48 SDE
Row 1 2 3 4 1 3 3 4
m_fr (g) 1172 1359 1332 1198
2000
1500
Tain Trin RH_in vel_air d_Tref  (m_ref) |l 4q0n
0 -10 70% 0.9 3 0.4 500
Row 1 2 3 4 d
1 2 3 4
m_fr (g) 340 686 896 967 :

The temperature difference between T, and T, also affects FDP. In Table C.5, three running conditions

with different (Tan- Trin) (8°C, 10 °C, and 12 °C respectively) are shown here while other parameters remain the

same (T4,=0 °C, RHi,, =90%, Vel =1.3m/s, DT, =4.2 °C). The graph on the right hand of each test run showsthe

frost mass on the four rows after 10 hourswith Row 1 being the air inlet and Row 4 air outlet. As can be seen from

Table C.5, larger difference between T, and T, would “push” the frost distribution towardsthe inlet. However,

because the maximum refrigerant mass flow rate is about 0.55 kg/s, only thefirst two of the threetests are

achievable. Sincethe effectsof (Tn- Trin) are not important, they will be neglected and T, - Trin =10 °C will

continue to be used.




Table C.5 Effect of (Tgn- Tyin) o0n FDP
Tan=0°C, RH;,, =90%, V4 =1.3m/s, DT, =4.2 °C

2300
. . . . 2000
Tain Trin RH_in vel_air d_Tref  (m_ref) 1500
0 -8 90% 1.3 4.2 0.18 [
Row 1 2 3 4 0
2
m_fr (g) 371 650 874 1037 :
2500
Tain Trin RH_ in  vel _air d_Tref (m_ref) fggg
0 -10 90% 1.3 4.2 0.4 1000
500
Row 1 2 3 4 0
m_fr (g) 1621 1853 1918 1877 2
Tain Trin RH_in vel_air d_Tref  (m_ref) gggg
0 12 90% 1.3 4.2 055 | |1a0m
Row 1 2 3 4 5'33
m_fr (g) 2247 2309 2131 1892 5

Table C.6 summarizes all the test runs that were just mentioned and are achievable in the experiments and

gives atentative text matrix:

Table C.6 Tentative test matrix

Test runs Tain Trin RH in vel air d Tref (m_ref) FDP
1 -20 -30 70% 0.9 2.3 0.5 Uniform
2 -20 -30 70% 1.3 2.8 0.5 Back
3 -20 -30 70% 2.2 3.4 0.5 Back
4 0 -10 90% 1.3 5.3 0.2 Back
5 0 -10 90% 1.3 0.26 Back
6 0 -10 90% 1.3 0.45 Uniform
7 0 -10 90% 0.9 3.1 0.5 Front
8 0 -10 80% 0.9 0.48 Middle
9 0 -10 70% 0.9 0.4 Back

It can be seenfrom Table C.6 that under most running conditions, more frost grows on the back rows. By

changing some operating parameters, near-uniform frost distribution can be achieved in two of the nine conditions,
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e.g., Test No.1 and No.6. It does not happen often that frost forms on the middie rows. Evenin Test No.8, the
middle rows only get slightly more frost than the front and back rows.

Another frost deposition pattern—more frost at the leading edge—only occurred in Test No.7 with slightly
more frost on the front rows than on the other rows. To design amoretypical test to show that absolutely more frost
could grow at the leading edge, some conclusions from the previous discussion about the effects of several operating
parameters on the FDP should be reviewed here. What could “push” more frost distribution towards the front rows?
From the discussion above, the answer islow air velocity, high air inlet humidity, high refrigerant mass flow rate
(i.e., smaller refrigerant temperature rise) and larger temperature difference between air inlet and refrigerant inlet.

Then, what if these conditions are all satisfied with the limitation of the current experimental setup, i.e., run atest
with the lowest air velocity at 0.6 m/s, the highest air inlet humidity at 90%, the highest refrigerant mass flow rate at
0.5 kg/s, and the largest temperature difference between air inlet and refrigerant inlet at 30 °C (i.e., T4,=0°C and
Tiin=-30 °C)? The FDP is exactly what we want—five times more frost grows on thefirst row of the heat exchanger
than the fourth row. The result is shown in Table C.7 and this test run is added to the test matrix.

Thetotal amount of frost is not very large. The reason is that frost grows so fast on the heat exchanger that
it totally blocksthe air free flow areain just 4.5 hours, while most of the other previous tests mentioned above runs

for 10 hours without blocking the air free flow area.

Table C.7 One case of more frost forming at the leading edge

Tain= 0°C, Tiin=-30 °C, RHi;, =90%, vel4, =0.6 m/s, Mrer =0.5 kg/s

3000
2000
Tain Trin RH_in vel_air d_Tref  (m_ref) i000
0 -30 90% 0.6 6.8 0.5 ;
R 1 2 3 4
ow 1 2 3 4
m_fr (g) 2501 1396 794 469

Thetentative test matrix is obtained when effect of several operating parameters on the FDP is considered.
On the other hand, the test matrix should be representative among all the running conditions listed in Table C.6. For
example, it should contain the maximum (and minimum)-capacity running condition, maximum (and min) —airside-
pressure-drop case, and maximum (and min)-mass-of-frost case. Because the more frost grows on the heat
exchanger, usually the larger airside pressure drop will be, only the capacity of the heat exchanger and the mass of
frost need to be considered.

Forty-five test conditions were simulated and studied with the refrigerant inlet temperature 10 °C always
lower than air inlet temperature. Figures C.2 and C.3 show the total heat transfer rate and mass of frost respectively.
The X axis of both figures shows the number of data points. The dotted line isthe minimum capacity required due

to the limitation of the current experimental setup, as mentioned above when the effect of air velocity onthe FDP



was discussed. So any point below this dotted lineis not achievable. The circles show the ninetest runs shownin the
tentative test matrix (Table C.6).

3

Figure C.2 Capacity in forty-five simulated caseswith Ty - Trin =10°C
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Figure C.3 Massof frost in forty-five simulated cases with T, - Ty =10 °C
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Figures C.2 and C.3 show that the nine test runs chosen as test matrix can represent most of the operating
conditionsthat are achievable. However, another maximum-capacity-and-maximumfrost-mass test run, which is
shown in Table C.8 with the total heat transfer rate of 6.7 kW and total mass of frost of nearly 11 kg, needsto be
added into Table C.6 to make the test matrix complete.

The final test matrix is shown in Table C.9.

Table C.8 Maximumcapacity-and-maximumfrost-mass case

4000
3000
Tain Trin RH in  vel air d_Tref (m_ref) |2000
0 -30 90% 2.2 12.6 0.5 | 1000
Row 1 2 3 4 0
1 2 3 4
m_fr (g) 3115 3126 2906 2577
Table C.9 Final test matrix
Test runs Tain Trin RH_in vel air d Tref (m_ref) FDP
1 -20 -30 70% 0.9 2.3 0.5 Uniform
2 -20 -30 70% 1.3 2.8 0.5 Back
3 -20 -30 70% 2.2 3.4 0.5 Back
4 0 -10 90% 1.3 5.3 0.2 Back
5 0 -10 90% 1.3 5 0.26 Back
6 0 -10 90% 1.3 4 0.45 Uniform
7 0 -10 90% 0.9 3.1 0.5 Front
8 0 -10 80% 0.9 3 0.48 Middle
9 0 -10 70% 0.9 3 0.4 Back
10 0 -30 90% 0.6 6.8 0.5 Front
11 0 -30 90% 2.2 12.6 0.5 Front
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Appendix D Complete Validation Results under Frosted Conditions

D.1 Validation results for 0/-10/90/1.3/0.45
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FigureD.1 Comparison of thetotal load for 0/-10/90/1.3/0.45
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FigureD.2 Comparison of the sensible load for 0/-10/90/1.3/0.45
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Figure D.3 Comparison of the latent load for 0/-10/90/1.3/0.45
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Figure D.4 Comparison of the air outlet temperature for 0/-10/90/1.3/0.45
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Figure D.5 Comparison of the refrigerant outlet temperature for 0/-10/90/1.3/0.45
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Figure D.6 Comparison of the air side pressure drop for 0/-10/90/1.3/0.45
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Figure D.8 Comparison of the frost thickness for 0/-10/90/1.3/0.45
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D.2 Validation results for 0/-10/90/1.3/0.2
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Figure D.9 Comparison of thetotal load for 0/-10/90/1.3/0.2
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Figure D.10 Comparison of the sensible load for 0/-10/90/1.3/0.2
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Figure D.11 Comparison of the latent load for 0/-10/90/1.3/0.2
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Figure D.12 Comparison of the air outlet temperature for 0/-10/90/1.3/0.2
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Figure D.13 Comparison of the refrigerant outlet temperature for 0/-10/90/1.3/0.2
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Figure D.14 Comparison of the air side pressure drop for0/-10/90/1.3/0.2
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Figure D.15 Comparison of the frosting rate for 0/-10/90/1.3/0.2

S Row 1(expt.) © Row 3(expt) A Row 5(expt) © Row 7(expt.)

—Row 1(model) —Row 3(model) — Row 5(model) ——Row 7(model)

\
J

Frost thickness (mm

6 8 10 12 14 16 18 20 22 24 26 28
Time (hour)

Figure D.16 Comparison of the frost thickness for 0/-10/90/1.3/0.2
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D.3 Validation results for 0/-10/90/1.3/0.26
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Figure D.17 Comparison of thetotal load for 0/-10/90/1.3/0.26
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Figure D.18 Comparison of the sensible load for 0/-10/90/1.3/0.26
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Figure D.24 Comparison of the frost thickness for 0/-10/90/1.3/0.26



D.4 Validation results for 0/-30/90/2.2/0.5
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Figure D.25 Comparison of the total load for 0/-30/90/2.2/0.5
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Figure D.26 Comparison of the sensible load for 0/-30/90/2.2/0.5



Qlatent (kW)

Taout (C)

25

error: +/- 0.086kW
-
o0B8pgBppno ° 0000Q000800000°°_:E
?7 oooooagebgﬁgﬁggnguunnﬂuﬂg op®o0o
0o o, /
151 error: +/- 0.219kW
1 .
< Qlatent(expt.)
o Qref-Qsens (expt.)
0.5 1
= Qlatent(model)
O T T T T T
2.8 3.2 3.6 4.0 4.4 4.8 5.2
Time (hour)
Figure D.27 Comparison of the latent load for 0/-30/90/2.2/0.5
-6
0000 000000000000
< 00000
o expt.
— model
4.0 4.4 4.8 5.2
Time (hour)
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D.5 Validation results for -20/-30/70/2.2/0.5
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Figure D.33 Comparison of the total load for -20/-30/70/2.2/0.5
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Figure D.34 Comparison of the sensible load for -20/-30/70/2.2/0.5
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D.6 Validation results for -20/-30/70/1.3/0.5
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Figure D.41 Comparison of the total load for -20/-30/70/1.3/0.5
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Figure D.42 Comparison of the sensible load for -20/-30/70/1.3/0.5
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Figure D.44 Comparison of the air outlet temperature for -20/-30/70/1.3/0.5
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D.7 Validation results for 0/-10/90/0.9/0.5
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Figure D.50 Comparison of the sensible load for 0/-10/90/0.9/0.5
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D.8 Validation results for 0/-10/80/0.9/0.5
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Figure D.57 Comparison of thetotal load for 0/-10/80/0.9/0.5
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Figure D.58 Comparison of the sensible load for 0/-10/80/0.9/0.5
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Figure D.59 Comparison of the latent load for 0/-10/80/0.9/0.5
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Figure D.60 Comparison of the air outlet temperature for 0/-10/80/0.9/0.5
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Figure D.61 Comparison of the refrigerant outlet temperature for 0/-10/80/0.9/0.5
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Figure D.62 Comparison of the air side pressure drop for 0/-10/80/0.9/0.5
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Figure D.63 Comparison of the frosting rate for 0/-10/80/0.9/0.5
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Figure D.64 Comparison of the frost thickness for 0/-10/80/0.
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D.9 Validation results for 0/-10/70/0.9/0.5
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Figure D.65 Comparison of thetotal load for 0/-10/70/0.9/0.5
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Figure D.66 Comparison of the sensibleload for 0/-10/70/0.9/0.5
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Figure D.67 Comparison of the latent load for 0/-10/70/0.9/0.5
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Figure D.68 Comparison of the air outlet temperature for 0/-10/70/0.9/0.5

104



-7.5
6sd #
ey é§§§§8§§§§
o ¥nLesioiniro FEEFSIT T T2 2 8
i VL ¢ 808 Eos,” £°¢ s rBTEL pf (P s ¢ &
1 PRRIETe 1T EeR e ekt (1
@) ,
.
= -85 1
e
|_
< expt.
-9 - o
— model
'95 T T T T T T T T T
3 5 7 9 11 13 15 17 19 21 23
Time (hour)
Figure D.69 Comparison of the refrigerant outlet temperature for 0/-10/70/0.9/0.5
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Figure D.70 Comparison of the air side pressure drop for 0/-10/70/0.9/0.5

105



10

——scale

8.7 kg

+/- 0.75 kg

8 1 x calulated frost mass from
dew point (expt.)
= ——model
X 6 -
a 5.7 kg
©
S
L
2 -
Defrosted water: 6.1 kg
0 - T T T T T T T T T
3 5 7 9 11 13 15 17 19 21 23
Time (hour)
Figure D.71 Comparison of the frosting rate for 0/-10/70/0.9/0.5
< Row 1(expt.) O Row 3(expt.)
A Row 5(expt.) O Row 7(expt.)
4 B
- ——Row 1(model) ——Row 3(model)
£
S — Row 5(model) ——Row 7(model)
(%]
3 A
<
S R
=
I
°
L
<
21 23

Time (hour)

Figure D.72 Comparison of the frost thickness for 0/-10/70/0.9/0.5

106



D.10 Validation results for -20/-30/70/0.9/0.5
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Figure D.73 Comparison of the total load for -20/-30/70/0.9/0.5
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Figure D.74 Comparison of the sensible load for -20/-30/70/0.9/0.5
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Figure D.75 Comparison of the latent load for -20/-30/70/0.9/0.5
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Figure D.76 Comparison of the air outlet temperature for -20/-30/70/0.9/0.5
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Figure D.78 Comparison of the air side pressure drop for -20/-30/70/0.9/0.5
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Figure D.79 Comparison of the frosting rate for -20/-30/70/0.9/0.5
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Figure D.80 Comparison of the frost thickness for -20/-30/70/0.9/0.5
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D.11 Validation results for -8/-32/90/0.6/0.5

3
error: +/- 0.08 kW
2 1 . i
— o /
i error: +/- 0.08 kW
04
1 -
o Qref(expt.)
= Qair(expt.)
— Q(model)
0 T T
3 4 5

Time (hour)

Figure D.81 Comparison of the total load for -8/-32/90/0.6/0.5
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Figure D.82 Comparison of the sensible load for -8/-32/90/0.6/0.5

11



0.7

0.6 A
0.5~
2 04l
c
2
T 0.3
@4
0.2 IS o Qlatent(expt.) error: +/- 0.10 kW
o o Qref-Qsens(expt.)
0.1 4 P
o == Qlatent(model)
0 T
3 4
Time (hour)

Figure D.83 Comparison of the latent |oad for -8/-32/90/0.6/0.5
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Figure D.84 Comparison of the air outlet temperature for -8/-32/90/0.6/0.5
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Figure D.85 Comparison of the refrigerant outlet temperature for -8/-32/90/0.6/0.5
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Figure D.86 Comparison of the air side pressure drop for -8/-32/90/0.6/0.5
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Figure D.87 Comparison of the frosting rate for -8/-32/90/0.6/0.5
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Figure D.88 Comparison of the frost thickness for -8/-32/90/0.6/0.5
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