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Abstract

A gquasi-steady finite-volume model was devel oped for modeling a plain-fin-round-tube heat exchanger under
frosted conditions. It was validated by comparing with the wet-and-dry surface experimental observations (medium
and low temperature applications) of total, sensible and latent heat transfers, air-side pressure drop, and frost
deposition. In general good agreement was obtained between the model predictions and experimental observations
within the range of experimental uncertainty. The results demonstrate that at one time step correlations for frost
density and conductivity can be combined with j and f-factor correlations and heat and mass transfer equations to
predict frost distribution patterns which in turn can be used at the next time step to update the local fin thickness
used to calculate heat and mass transfer and air-side pressure drop. The model could be further extended to simulate
direct expansion evaporators with varying operating conditions and variable heat exchanger geometry.

Nomenclature

A surface area, m? w air absolute humidity, KGyater/KGair
APD absolute percent deviation W width of heat exchanger, m
Co specific heat of moist air, kJ/kg.K
Dc tube outer diameter, m Greek symbols
dP  ar-side pressure drop, Pa heona  fin conduction efficiency
f [?arcy’ sfriction factor Mo density of frost, kg/m?
fn  finthickness m d average difference between predicted and measured
Fs fin pitch, m vaues
H height of the heat exchanger, m ;
h, cong\]/ective airside heat trgnsfer coefficient, KW/m?.K Gr frost thickness, m
hret refrigerant side heat transfer coefficient, KWm2.K Subscripts
hg latent heat of ablimation or sublimation of water @ T, a ar
kJ/kg av evaluated at averageinlet and outlet conditions
i Colburn’s dimensionless heat transfer coefficient dry  dry
ks, thermal conductivity of frost, KW/m.K f fin
L exposed tube surface, m fr frost surface
Le Lewis number, a/D in inlet
Moy total mass of frost deposited, kg in inlet
ms,  air massflow rate, kg/s lat latent
Mk, frost deposition rate, kg/s o} overal (fin and tube)
My refrigerant mass flow rate, kg/s out outlet
Niins  Number of fins r refrigerant
Q load on evaporator, kW sens  sensible
r distance from the center of the tube, m Si base of thefin
Re Reynolds number so frost surface (fin and tube)
RH relative humidity tc tube outer surface
rms  root mean squared error total  total
T temperature, °C
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Introduction

When moist air passes over cold heat exchanger surfaces with surface temperatures below dew point, the
moisture in the air begins to condense. Also, if the surface temperature is below freezing, frost starts to form. Frost
growth causes the performance of heat exchanger to decline, firstly as frost accumulation blocks the air flow passage
causing an increase in the air-side 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.

O’ Neal and Tree (1985) provided a comprehensive review of frost research in simple geometries (flat plate,
cylinders, tubes, parallel plates and annuli). Mao et al. (1999) correlated the frost thickness, density and conductivity
asafunction of environmental parameters, location on aflat plate, and Reynolds number, for conditions similar to
those found in afreezer. Storey and Jacobi (1999) establish non-dimensional relation between frost thickness and
square root of environmental time for frost formation on aflat plate. Hoke et al. (2000) studied frost deposition on a
variety of substrates at the microscopic level, and reviewed research on frost formation and growth.

Kondepudi and O’ Neal (1987) provided a comprehensive review of the literature, detailing how frost growth
degrades performance of heat exchangers. Rite and Crawford (1990) studied the effects of frost on the UA value and
air side pressure drop on adomestic refrigerator evaporator coil. Senshu et al. (1990) studied heat pump frosting on
atwo-row offset strip fin evaporator with afin pitch of 2 mm at constant air flow rate. Oskarsson, Krakow, and Lin
(1990) tested a six-row heat pump evaporator outdoors under actual operating conditions and developed three
computer models to simulate this heat exchanger. Kondepudi and O’ Neal (1991) studied frosting on a single row
tube heat exchanger with wavy and corrugated fins and using an ethylene glycol-water mix as refrigerant. Chen et
al. (2000a, b) developed a more detailed numerical model to simulate frost growth on plate-fin heat exchangersfor
typical freezer conditions. Recently there have been more studies on ways to improve the performance of plate-fin-
round-tube heat exchangers typically used for refrigerators and heat pump air conditioners under frosted conditions
(Ogawaet al. 1993, Watterset al. 2000).

Most of these studies focused either on frost properties on simple geometries (e.g. flat plate, horizontal cylinder)
or frost-induced performance degradation of specific heat exchangers (e.g. heat pumps). Moreover, the experiments
were not designed for the purpose of devel oping and validating comprehensive models of frost growth on various
classes of heat exchangers. The present study was aimed at developing and validating a simulation model for frost
growth on full scale heat exchangers over awide range of conditions. The parameter range for the experiments used
to validate the model was: air supply temperature, 0 to-20°C; inlet relative humidity, 70 to 90%; face velocity, 0.6
to 2.3 m/sec; refrigerant inlet temperature, -10 to -30°C; and refrigerant mass flow rate, 0.2 to 0.52 kg/sec.

Experimental Basis for Simulation Model Development

In order to understand the impact of frost on air flow and air-side heat transfer it is essential to understand the
parameters e.g. airflow, inlet relative humidity, refrigerant inlet temperature, air inlet temperature that influence frost
deposition and distribution. To study the effect of these parameters, an experimental facility (schematic shownin
Fig. 1) was built to conduct experiments to study spatial and time distribution of frost (Carlson et al. 2001) for a
round tube, plain fin heat exchanger (specificationslisted in Table 1). A single-phase (secondary) refrigerant,
methoxy -nonafluorobutane (HFE), was used to enable the temperature glide to be controlled, and to enable real-time
measurements of frost mass (plusheat exchanger) by suspending the heat exchanger in an open wind tunnel.

The wind tunnel was placed inside an environmental chamber. An R404A chiller system was used to cool the
HFE and fine adjustment of theinlet refrigerant temperature came from an electrical resistance heater in the line.
The refrigerant mass flow rate was controlled by adjusting the pump frequency. The air flow rate was measured by
one or two nozzles, depending on test conditions (low or high airflow rates), and was allowed to decrease as frost
formed on the heat exchanger. Prior to data collection, the chamber was pulled down to the test conditions using a
pre-cooler inside the environmental chamber, thus preventing frogt formation on the heat exchanger before steam
was added.

Thetest section was placed on a scale and connected to the rest of the wind tunnel by athin plastic wrap to
facilitate real time frost mass measurements. The refrigerant lines connecting the heat exchanger to the header were
flexible hoses that allowed the scale to move as frost formed on the heat exchanger. Air-side pressure drop was
measured at four regular locations along the air flow direction. Photographs taken at four of the tube rows, through
transparent cover of the test section, provided valuable qualitative information about the frost distribution pattern.
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Figure 1. Facility schematic Figure 2. Top view of the heat exchanger

The accuracy of the various measurements were: temperature, +0.2°C; refrigerant mass flow rate, +0.1%; dew
point, +0.2°C; heat exchanger pressure drop (inclined manometer), +0.005 inches of water (readability); and frost
mass, +2 g. The uncertainty for the capacity (air, chamber, and refrigerant) for both dry and frosted experiments was
less than +10%.

Table 1 Prototype heat exchanger (for experimental observations) specifications

Width, W (mm) 800

Depth, D (mm) 264

Height, H (mm) 343

Tube OD, Dc (mm) 12.7
Longitudinal tube spacing, P; (mm) 33
Transverse tube spacing, Pt (mm) 38

Fin pitch (fins per m) 126

Fin thickness, fin (mm) 0.2
Number of tubes in air flow direction 8
Number of tubes in transverse direction 9
No. of circuits 9

Tube material Copper
Fin material Aluminum

Simulation Model Development

Based on the heat and mass transfer equations a simulation model based on quasi-steady finite volume approach
was devel oped to study the frost distribution across the evaporator and its effect on the airflow rate and heat
exchanger capacity (Wu et al. 2001).

The entire heat exchanger was divided into eight finite volumes, each finite volume comprising of atube row
transverse to the airflow direction as shown in Figure 2. Transient performance was approximated by a quasi-steady
process where calculations at one time step served as inputs for the next as shown in Figure 3. The results from one
time step (i.e. frost thickness) were used to update the heat exchanger geometry (fin thickness, tube diameter) for the
next time step. The input operating conditions i.e. supply air temperature and relative humidity, refrigerant inlet
temperature and mass flow rates were held constant throughout the experiments and simulations. The timeinterval
used in the model was three minutes, matching three-minutes averaging of data collected during the experiments at
10 second intervals.
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Figure 3 Structure of the numerical model

1. Heat transfer and pressure drop correlations

On therefrigerant (HFE) side, the Gnielinsky (1976) heat transfer correlation for fully developed (hydro
dynamically and thermally) turbulent flow in a smooth circular tube was used. The refrigerant side (single phase)
pressure drop was neglected. Due to scarcity of correlationsin the literature for the fin pitch used in the prototype
heat exchanger (~8mm), Carlson et al. (2001) ran a set of dry-surface experiments and obtained a best fit by simply
scaling the Kim et al. (1999) correlation by afactor of 0.78.

j =0.78],,, =0.1484 Re °® (1)

The air-side pressure drop was cal culated using the expression given by Kays and London (1998), with the
contraction and exit coefficients, K;=0.6 and K=0.15 respectively. Kim’s air-side friction factor correlation was
used without modification. Both j and f correlations were characterized average heat exchanger performance, but
those values were applied locally to al finite volumes.

2. Mass transfer

The mass transfer rate was calculated from the continuity equation, and by applying the one-dimensional mass
transfer equation to each of the eight finite volumes of the heat exchanger using the heat and mass transfer analogy.

Mi = Mar (W, - Wy, ) (2)

my = (h, xle % ¢, ) xA, X(w,, - W,) 3)

Both equations were solved simultaneously for the frosting rate, M and the air outlet humidity, W, .

3. Heat transfer

For each finite volume, the sensible heat transfer was solved simultaneously with the air-side energy balance for
known values of air inlet temperature, air-side surface area and air mass flow rate. The surface temperature of the
frost on fins and tubes was assumed to be uniform within each volume. The latent heat transfer came from the
formation of frost on the surface of tubes and fins. The total heat transfer was determined by solving simultaneously
the equations for conduction through the frost layer, heat transfer from the tube to refrigerant and refrigerant-side
energy balance.

Qsens = ha Ao (Ta,av - Tso) (4)
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Qsens = mair Cp,a(Ta,in - Ta,out) (5)

Q|a1 = m fr hsg (6)

Qtotal = k fr Af (Tso - Ts' )h cond /d fr + k fr 2pL (Tso h Tsi ) / In (I' fr / rt(: ) (7)

Qlotal = href XA[ (Tsi - Tr av ) (8)

Qtotal = Qsens + Qlatent = mr""f Cp,r (Tr,in - Tr,out ) (9)
where, length L was computed as

L=W- N,_.f, (10)

A new fin conduction efficiency, ?cong (EQ. 11) based on frost surface temperature was used in contrast to the wet
fin surface efficiency used by others (Threlkeld, 1970, Sanders, 1974) which eliminated the frost/water surface
temperature from consideration.

hcond = (Tso b Tf )/(Tso - Tsi ) (11)

The heat and mass transfer governing equations, together with the refrigerant and air-side heat transfer and pressure
drop correlations described before, were solved simultaneously for frost surface temperature, frosting rate, and air
and refrigerant outlet temperatures.

4. Frost density and conductivity

For our experiments with inlet air temperatures of 0°C, the frost surface temperatures were within the range of
Hayashi’ s correlation and so it was used for validation of such experiments. However, for experiments conducted at
-20°Cinlet air temperatures, the frost surface temperatures varied from -23 to -28°C, below the range of Hayashi’s
experiments (cold surface temperatures above -25°C) and so the correlation failed to predict frost density at such
low frost surface temperatures. Since little is known about density of frost at surface temperatures lessthan-20°C, a
constant frost density of 130 kg/n* was used for simulating the experiments with air inlet temperatures of -20°C,
consistent with the observations of Chenet a. (2000a, b) measurements of frost density (between 100 and 145
kg/nt along the air flow direction) on heat exchanger finsfor inlet air temperature of -15°C, and plate temperatures
of -35°C.

In our experimentsin which the air temperature varied from -20°C to 0°C and surface temperature was always
below the freezing point, so Y onko and Sepsy’s (1967) correlation was used to compute the frost thermal
conductivity. Their correlation was based on data obtained with frost surface temperatures ranging from -30°C to -
5.7°C.

k, =(0.0242 +7.214 x10 *xr _ +1.1797 x10 ® xr _?)/1000 (12)

fr

5. Frost thickness
Thethickness of the frost layer was computed by dividing the accumulated frost mass by the product of average
frost density and surface area and neglecting any variation of frost density normal to the frost layer.

d fr = mfros /(r fr on,dry) (13)

Using the frost thickness, the heat exchanger geometry was updated and simulations proceeded to the next time step
asshown in Figure 3.

Model Validation
1. Dry conditions

The model was first used to predict the heat exchanger performance under dry surface conditionsi.e. when no
steam was added during the experiments. However for some experiments, air inlet relative humidity reached as
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much as 60%, depending on the humidity of the room. A very small amount of frost formed on the heat exchanger
surfaces but its effect on the performance was assumed to be negligible. Thirteen data sets spanning awide range of
operating conditions: air inlet temperature, 0 to-19°C; refrigerant inlet temperature, -10 to -31°C; face velocity, 0.6
to 2.3 m/sec; and refrigerant mass flow rate, 0.37 to 0.55 kg/sec were used to validate the model. For a particular
test, each of these parameters was sampled every 10 seconds and averaged over three-minute intervals.

Three independent methods were used to determine the heat exchanger capacity experimentally: an air; a
refrigerant; and chamber energy balances. Small corrections were made to eliminate systematic errors, e.g. heat gain
frominlet and outlet (to heat exchanger) refrigerant lines, wind-tunnel, blower, air heater and pre-cooler. These
three calculations of capacity werein very close agreement (RM S 2.4%) at the dry operating conditions. When
compared with the experimental data, good agreement (+8/-5%) was obtained with that predicted by the model, as
shown in Figure 4. Good agreement was also found for the average air and refrigerant exit temperatures measured
during the experiment and predicted by the model.

71 ° m_arw_inw_outytmeinterval
25 o scale 0-10000/1.302
6_
J 0-10/90/1.3045
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. S 5 0-108009005
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Figure 4. Comparison of the heat exchanger capacity Figure 5. Comparison of frost mass for all
under dry conditions data sets

2. Wet conditions

Eleven experiments (datasets 1 to 11 in Table 2) were designed to validate the model under frosted conditions.
For clarity, each data set is designated by the time-averaged val ues of the independent parameters: air inlet
temperature, °Clrefrigerant inlet temperature, °Clair inlet relative humidity /air velocity, m/s/refrigerant mass flow
rate, (kg/s) (e.g. 0/-10/90/1.3/0.45).

Owing to different operating conditions, each experiment was carried out for different number of hours, so there
was a different amount of frost accumulation at the end of the each experiment. Therefore for all experiments with
air inlet temperature of 0°C, comparisons were made at the time when 2.5 kg of frost was accumulated on the heat
exchanger (scale measurement), and at -20°C, comparison was made when ~1.5 kg of frost had accumulated.

(i) Frost mass validation

In al experiments, three independent methods were used to measure the frost mass: the heat exchanger rested
on ascale (variation of total mass of frost with time); defrosted water collected and weighed at the end of
experiments (the total amount of frost); and theinlet and outlet dew point meters to calculate frosting rate (kg/s) as
described before. Only two of the three experimental methods matched well (+10%) with each other—the scale
reading and mass of water collected. The third method did not correlate well with the other two due to improper
mixing of steam in the chamber |eading to inaccurate measurement of the inlet dew point. For more details see
Carlson et a. (2001).

The model used the measured inlet dew point (RH;,) as one of itsinputs and the predicted total frost mass tends
to be within about 20% of the experimental results cal culated using the dew point measurements. Figure 5 compares
the frost mass determined experimentally (scale and dew point measurements) with that of model predictions. The
frost mass determined using mass of water collected is not shown asit was in good agreement with the scale
measurements (£10%). Dueto the inlet dew point measurement issues and air temperature and humidity
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stratification as stated before, the model predictions were in poor agreement with the scale readings, but they agreed
well with the frost mass determined using dew point measurements evident from any data set shown in Figure5, e.g.
data set: 0/-10/90/0.9/0.5.

(i) Capacity and temperature validation

Table 2 compares measured and simulated capacities and air and refrigerant outlet temperatures. The absolute
percentage and rms deviations summarize comparisons of hundreds of 3-minute averaged measurements and
calculations for each data set. For comparisons, total capacity was determined from the refrigerant-side energy
balance, sensible capacity from air-side measurements, and latent heat transfer from the scale measurements.

Dueto the thermal capacitance of the chamber and because the mass flow rate of the steam entering the
chamber was not measured, only Q,ef and Qi were compared for frosted surface experiments. A good agreement
was obtained between the total capacity determined experimentally using air and refrigerant energy balances.

Table 2 Comparison of loads, air and refrigerant outlet temperatures

Q (kW) Qsens (KW) Quar (kW) Taou (C) Trou (°C)
Data Set APD [ RMS | APD | RMS | APD | RMS | d | RMS | d | RMS

1 [ 0/10/90/1.3/0.45 | 6% | 0.13 | 3% | 0.06 | 25% | 0.28 |02 | 02 | 01 | 01
2 | 0F10/90/1.3/0.2 | 7% | 0.08 | 8% | 0.08 | 29% | 0.14 |02 | 02 |-02| 02
3 | 0/10/90/1.3/0.26 | 13% | 0.16 | 2% | 0.02 | 8% | 004 | 0 | 01 | 04 | 04
4 | 0F-30/90/2.2105 | 9% | 0.47 | 6% | 023 | 8% | 016 |07 | 08 | -1 | 1
5 | 0008658009 | 1% | 0.03 | 6% | 0.11 | 27% | 0.01 |03| 03 | 0 | 01
6 | 0.014652015 | 1% | 0.02 | 2% | 0.03 | 11% | 001 [03| 03 |01 | 01
7 | 0/10/90/0.9/0.5 | 6% | 01 | 2% | 0.03 | 16% | 01 [01] 02 |01 | 01
8 | 0/-10/80/0.9/05 | 2% | 0.03 | 3% | 0.04 | 17% | 0.09 [02| 02 |-01| 01
9 | 0F10/70/0.9/0.5 | 5% | 0.07 | 3% | 0.04 | 26% | 01 |02 | 02 |02 | 02
10| 0021164021 | 1% | 0.02 | 2% | 0.03 | 5% | 001 | 0 | 01 |-01| 01
11| 0009259259 | 2% | 007 | 2% | 0.05 | 7% | 003 | 1| 1 |-02]| 02

All calculations of sensible heat transfer lay within the range of experimental uncertainty, validating the
calculations of frost surface temperature. For 9 of the 11 experiments, calculations of total capacity also matched
(x7%) the data within the range of experimental uncertainty. Good agreement was obtained for latent capacity,
except for datasets 1, 2, 5, and 9. The difference was attributed to uncertainty in the inlet dew point measurement
(used by the model) due to improper mixing of steam inside the chamber, and the inlet air temperature (as much as
1°C warmer air at the top than at the bottom) and humidity stratification at the inlet to the heat exchanger. This
stratification caused more frost to grow on top than at the bottom. Thus for experiments with 0°C air supply
temperatures, the deviation between the experimental (based on scale measurements) and model (based on dew
point measurements) |latent load values was as much as 29%. However, for experiments with lower air supply
temperatures the sensible heat ratio was more than 85% and so the deviation in latent |oad computations was much
less.

(iii) Frost thickness and distribution pattern

No instruments were used in the eperiments to measure the frost thickness due to the difficulty in measuring
the frost thickness in full-scal e heat exchangers.

Figures 6(a), (b), (c), and (d) show the effects of face velocity, refrigerant temperature glide, inlet relative
humidity, and air inlet temperature, respectively, on the frost distribution pattern obtained by experimental
observation. Figures 7(a)-(d) depict the same effects, obtained by model simulations at the same operating
conditions. Figure 6(a) shows that an increase in the air velocity causes less frost to grow on the front rows of the
heat exchanger, and the same behavior was al so captured by the model simulationsFigure 7(a). As the refrigerant
temperature glide was decreased by adjusting the refrigerant mass flow rate (Figures 6(b) and 7(b)), both the
experiments and model simulations show that the frost distribution pattern moved from the back rows to an almost
uniform thickness across all the rows.
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When the inlet humidity was increased while other parameters remained constant, little change was observed in
the frost deposition pattern, but the amount of frost deposited increased as shown inFigure 6(c). A similar trend is
also evident from the model simulations in Figure 7(c). Also it was observed that substantially more frost was
deposited at high air inlet temperatures (e.g. 0°C) compared to lower air inlet temperature (for e.g. -20°C) as shown
by simulations in Figure 7(d) and experimental observations in Figure 6(d).
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Figure 6 Effect of various parameters on frost deposition and distribution
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Figure 7 Model simulations showing the effect of various parameters on frost deposition and distribution

Conclusions

A gquasi-steady finite-volume model of heat exchanger frosting has been devel oped, and compared to data
obtained from carefully controlled wet-and dry-surface experiments on a prototype heat exchanger typical of those
used in supermarket display cases. Redundant measurements of heat exchanger capacity and frost deposition agreed
within £13% and £20%, respectively, establishing confidence in the experimental results over the range of air inlet
temperatures (-20 to 0°C) and face velocities (0.5 — 2.2 m/s).

Simulation model results were compared to measured data at 3-minute intervals over the duration of
experiments lasting from 4 to ~26 hours. Predictions of sensible heat transfer were within£8% APD and +8% rms
of measured values, within the limits of experimental error. Following completion of the experiments, however,
significant humidity stratification was observed at the heat exchanger inlet, introducing an unquantified uncertainty
into the inlet dew point measurement and overestimation of the frost deposition rate. Since the overestimated inlet
dew point was an input to the model, simulation results showed the same overestimate, moderated slightly by the
overestimate of air-side heat transfer coefficient resulting from the higher velocity between the frosted fins.

The consistency of these observations, combined with the agreement observed in the comparisons of dry-
surface simulations with data, support the basic hypothesis tested: namely that correlations obtained from frost
measurements on simple geometries (e.g. expressing density as afunction of temperature, and conductivity asa
function of density) can be combined with j and f-factor correlations for dry heat exchangers to simulate frost
buildup. By applying these equations locally using afinite-volume approach, and using frost thickness to update fin
thickness and tube diameter in a quasi-steady framework, deposition patterns can be accurately simulated.

These findings, although obtained from a single heat exchanger with plain fins, provide motivation for using the
model to design additional experimentsfor direct-expansion evaporators having different fin and tube spacing
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(uniform or staggered), and/or wavy fins, for example, to increase confidence in the overall approach. These initial
results also provide encouragement for further validation using data from relatively simply -instrumented
supermarket display cases, where air curtain entrainment could be estimated from thermocoupl e measurements, and
afan curve added to the model to predict air flow degradation caused by the frosting patterns.
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