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for Predicting Transfer Efficiency of a
High Volume-Low Pressure Air Spray Gun
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Carolina at Chapel Hill, Chapel Hill, North Carolina

The transfer efficiency of a spray-painting gun is defined
as the amount of coating applied to the workpiece divided
by the amount sprayed. Characterizing this transfer process
allows for accurate estimation of the overspray generation
rate, which is important for determining a spray painter’s
exposure to airborne contaminants. This study presents an
experimental evaluation of a mathematical model for pre-
dicting the transfer efficiency of a high volume-low pressure
spray gun. The effects of gun-to-surface distance and nozzle
pressure on the agreement between the transfer efficiency
measurement and prediction were examined. Wind tunnel
studies and non-volatile vacuum pump oil in place of com-
mercial paint were used to determine transfer efficiency at
nine gun-to-surface distances and four nozzle pressure lev-
els. The mathematical model successfully predicts transfer
efficiency within the uncertainty limits. The least squares re-
gression between measured and predicted transfer efficiency
has a slope of 0.83 and an intercept of 0.12 (R* = 0.98). Two
correction factors were determined to improve the mathe-
matical model. At higher nozzle pressure settings, 6.5 psig
and 5.5 psig, the correction factor is a function of both gun-
to-surface distance and nozzle pressure level. At lower noz-
zle pressures, 4 psig and 2.75 psig, gun-to-surface distance
slightly influences the correction factor, while nozzle pres-
sure has no discernible effect.

Keywords Spray Painting, Transfer Efficiency, High volume-Low

pressure air spray gun

A number of techniques have been developed to increase
transfer efficiency in the application of paints. One of the most
prevalent methods is to atomize the paint into fine particles and
subsequently transport it to the workpiece in an airflow from a
compressed air spray gun. These spray guns can be categorized

as either conventional or high volume-low pressure (HVLP)
guns, according to the volume and pressure of the atomizing
air. A conventional gun performs at pressures ranging from 25
to 100 psig, while an HVLP gun usually operates at 10 psig
or less.'" The low operating pressure of HVLP guns produces
larger droplets, and results in a higher transfer efficiency.®™”

Commercial paints contain toxic materials such as lead, cad-
mium, chromium, and isocyanates.(l) Research has shown that
long-term exposure to these and other agents among spray pain-
ters can induce respiratory, systemic, and possibly carcinogenic
effects.®1>) A spray booth is the most commonly used control
technique. Spray guns with higher transfer efficiency are also
introduced as control intervention devices to reduce worker ex-
posure. Transfer efficiency is defined as the mass fraction of
paint sprayed from the gun that is deposited onto the workpiece
surface. It has become an index of both occupational and envi-
ronmental exposure standards.''®) The National Institute for
Occupational Safety and Health (NIOSH) recommends the use
of HVLP guns,?” which are said to have higher transfer effi-
ciencies than conventional guns.?7)

Heitbrink et al. suggested that a physical model for overspray
production would be a very useful tool in identifying how op-
erational parameters influence the transfer efficiency of a spray
gun.®? This study evaluates an existing mathematical model??
for predicting the transfer efficiency of an HVLP spray gun.
This model provides fundamental knowledge on the transfer
processes of a spraying operation. Transfer efficiency is directly
related to the paint overspray generation rate, an important pa-
rameter in an empirical model ®>2% designed to estimate worker
exposure. The goal of this study is to provide feasible and effec-
tive control interventions based on model predictions.

MODEL DESCRIPTION

Transfer Efficiency Prediction
The mathematical model evaluated in this study was devel-
oped by Flynn et al.**) The model simulates the transfer process
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FIGURE 1

Impaction model for spray painting (not drawn to scale).

as an imaginary impactor with a circular or rectangular open-
ing, depending upon the shape of spray pattern. The impaction
plate, or workpiece, collects large particles with sufficient iner-
tia. Small particles then follow the air streamlines and become
overspray mist. Airflow through the two opposed horns on the air
cap can be regulated to shape the spray into an elliptical pattern,
which is employed in this study. Figure 1 illustrates the geom-
etry of the imaginary impactor. The characteristic dimension is
described below:
Z,Dy,

Dy = —=¢ 1
= 5Dy + Z, [1]

D; = the characteristic dimension of the imaginary impactor,
cm

Z, = the gun-to-surface distance, cm

1.5 when spray gun’s fan air is on (elliptical spray pattern)

or 1 when spray gun’s fan air is off (circular spray

pattern)

Dy, = the short dimension of the elliptical spray pattern or the
diameter of the circular spray pattern, cm

=
I

To estimate the transfer efficiency of an HVLP spray gun,
information on the droplet size distribution is required. Equa-
tion (2) is a cumulative mass droplet size distribution developed
by Kim and Marshall®” for a pneumatic nozzle. The reduced di-
ameter, d*, is the ratio of a specific diameter to the mass median
diameter of the atomized droplets. In this study, dso, the 50 per-
cent collection efficiency cut size, is selected as the specific
diameter to compare with the mass median diameter. Conse-
quently, @, represents the mass fraction of droplets that will not
impact on the target. Equation (5) describes transfer efficiency
as the mass fraction of droplets larger than ds.

1.15
o, = —-0.15 2]
1 +6.67 exp(—2.18d*)
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d
g* = 0 3]
MMD
Stk)u D
dsy = 100004 PSRHD1 [4]
ppVI
n=1-o, [5]

where:

Stk = 0.53, the critical Stokes number for 50 percent collection
u = the air viscosity, poise

pp = the particle density, g/cc

V; = the air velocity from the spray gun, cm/s
n = the transfer efficiency of a spray gun

An empirical model developed by Kim and Marshall,®”
shown in Eq. (6), estimates the mass median diameter of the size
distribution atomized by the spray gun. The average air veloc-
ity that carries the droplets was obtained based on Schlichting’s
work, @ which is given in Egs. (7)-(11).

032
MMD = %117|;v p)057A036 016]
0.17
! () M)l G

MMD = the mass median diameter of the droplet size distribu-
tion, microns
pr = the liquid density, g/cc

where:

pn = the air density at the nozzle, g/cc

o = the liquid surface tension, dynes/cm

v = the relative velocity of air and liquid, cm/s
uy, = the liquid viscosity, poise

A = the nozzle area for airflow, cm?
my, = the mass of liquid sprayed, g

m, = the mass of air sprayed, g

0
vV, = 7
T " [7]
0 = 04047, VK 8]
Zr = Z,— BD; [9]
nAnV2 + n — FPa An
k- P T (P — pa)
Pa
A VE+(pr— p)A
N AT R [10]
Pa

Ajy = nZ} tan’(14.5°%) [11]

where:

Z = the distance between the imaginary impactor and the spray
gun, cm

Q = the total air flow carried by the jet at Z;, cm?/s
= the kinematic momentum flux, m*/s?

= the cross-sectional area of the air jet, cm?

A jet =
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A = the exit area of air cap (subscript n) or fan air (subscript
f), cm?
V = the air velocity at cap air exit (subscript n), or at fan air
exit (subscript f), cm/s
p = the air density at cap air exit (subscript n), or at fan air exit
(subscript f), g/cc
p = the pressure at the air cap (subscript n), or at the horn
(subscript f), g/cm
pa = the ambient pressure, g/cm

For the subsonic airflow generated by HVLP spray guns, the
pressure difference terms in Eq. (10) are zero. In Eq. (11), the
airflow is assumed to pass through an expanding area with an
included angle of 29 degrees.? The kinematic momentum flux,
K, used to determine the total airflow carried by the jet from the
imaginary impactor, is estimated by the isentropic compressible
flow equations.®?

Contaminant Exposure Estimation

The long-term objectives of the transfer efficiency model
development are to characterize the transfer process of spray
painting operations and to apply the knowledge to worker expo-
sure estimation. Models developed by Flynn et al.*? estimate
the breathing zone concentration of airborne contaminants as a
function of contaminant generation rate, air velocity field, and
work practices during spray painting operations. Overspray gen-
eration rate is a function of the transfer efficiency of a spray gun,
as shown in Eq. (14). The following equations determine a di-
mensionless breathing zone concentration in a side-draft spray
booth when the workpiece is placed between the worker and the

exhaust fan.
CHUD .\
logy, =-23+08{—= [12]
me 180 Fn
F, K
— = —— 13
F,  HDU? [13]
m,=(1-nXmg [14]
where:

C = the total mass concentration in the breathing zone, mg/m?
U = the average air velocity in the cross-flow spray booth, m/s
H = the height of the worker (or mannequin in this study), m
D = the breadth of the worker (or mannequin in this study),m

m, = the overspray generation rate, mg/s
F, = the momentum flux of the spray gun, kg m/s?
F,, = the momentum flux through the projected area of the
mannequin, kg m/s?
K = the kinemetic momentum flux, m*/s?
METHODS

Experiments were conducted in a 1.5 m by 1.5 m by 2.45 m
deep wind tunnel. The wind tunnel was used to simulate a cross-
draftspray paint booth. A full-sized mannequin equipped with an
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electronically controlled trigger device on his right index finger
was truncated at the knees to accommodate the size of the wind
tunnel. The mannequin measures 1.30 m high and 0.36 m at the
chest. A subsonic DeVilbiss HVLP spray gun (Model number:
MSV-533-4-FF) was held in the mannequin’s right hand, and
was remotely activated from outside the wind tunnel. A 0.61 m
by 1.22 m flat plate represents a simple workpiece to allow better
experimental reproducibility among runs. The plate was placed
between the mannequin and the exhaust fan of the wind tunnel.
Inland #99 neutral parrafinic vacuum pump oil was chosen in
place of commercial paint to simplify the problem because it
is non-volatile. The primary assumption made when using non-
volatile oil instead of volatile paint is that the transport processes
in overspray vapor and solid particles are the same.

To measure the transfer efficiency of the HVLP gun, the flat
metal plate was covered with 0.46 m by 1.27 m heavy-duty alu-
minum foil with the bottom end of the foil folded to collect oil
drainage. Spraying time was between 20 to 30 seconds to pre-
vent the vacuum pump oil from overflowing. Transfer efficiency
was determined by calculating the ratio of the weight gain of
aluminum foil to the difference in weight of the paint container
before and after spraying. Gun-to-surface distances tested were
six to fourteen inches with one-inch increments. This should
represent the extreme spraying distances under normal opera-
tional procedures. The four nozzle pressures tested were 6.5,
5.5, 4, and 2.75 psig. This is within the normal range of noz-
zle pressures used in industrial spray painting operations. It was
expected that neither gun-to-surface distance or nozzle pressure
would have any effect on the predictive ability of the transfer
efficiency model. For each nozzle pressure and distance setting,
the experiment was repeated five times, yielding a total of 180
samples.

RESULTS

Results show good agreement between model predictions and
experimental data. Figure 2 illustrates the comparison between
the measured transfer efficiency and the predicted values. Er-
ror bars in both directions denote one standard deviation about
the average transfer efficiencies. The physical properties of the
vacuum pump oil and ambient air were determined empirically
for model input. Random errors in these measurements introduce
variation in the predicted transfer efficiency. Kim and Marshall’s
empirical model, Eq. (6), is used in place of a direct measure-
ment to determine the mass median diameter of the particles
atomized by the spray gun. An unknown particle size distribu-
tion introduces uncertainty into the transfer efficiency model.
Kim and Marshall reported the error in mass median diameter
as +24% at a 95 percent confidence level.*” The two dotted
lines in Figure 2 reflect the uncertainties in the prediction of
transfer efficiency given this error. All empirical data fell within
these limits.

Figure 3 shows the effect of gun-to-surface distance on the
percent difference in transfer efficiency prediction when nozzle
pressure is varied. The percent difference in transfer efficiency
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FIGURE 2
Measured transfer efficiency compared with predicted values.

prediction is calculated as the difference between the predicted
and measured transfer efficiency divided by the measured trans-
fer efficiency. It is observed that the predictive ability of the
model varies with gun-to-surface distance. The model tends to
overestimate the transfer efficiency at closer gun-to-surface dis-
tances, but underestimates it when the spray gun moves farther
away from the surface. Higher nozzle pressures have slightly
more influence on this relationship at extreme gun-to-surface
distances. Yet, the differences between the measurement and

prediction are small—Iless than eight percent. Predicted trans-
fer efficiencies agree well with measured transfer efficiencies
at gun-to-surface distances between nine to eleven inches, and
nozzle pressure does not have a notable effect on the agreement.
This is very encouraging because this is also the gun-to-surface
distance range recommended in industry.

The least squares regression evaluates the association be-
tween the measured and predicted transfer efficiency. Ideally, a
linear relationship with a slope of 1.0, intercept of 0.0, and an
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FIGURE 3
Effect of gun-to-surface distance upon the percent difference in transfer efficiency prediction varied by nozzle pressure.
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TABLE I
Regression analysis: Measured transfer efficiency versus predicted values
95%C.1. 95%C.1. for

Least squares regression  Slope for slope Intercept intercept R?
M.TEA” vs. PTEB 0.83  (0.79, 0.87) 0.12 (0.09, 0.15) 0.98
M.T.EA vs. corrected® 0.98 (0.95,1.01) 0.01 (=0.01, 0.03) 0.99
PT.E.B at 6.5 and 5.5 psig

M.T.EA vs. corrected® 1.05 (0.98, 1.13) —-0.04 (=0.10, 0.01) 0.97

P.T.E.B at 4 and 2.75 psig

AM.T.E. = Measured transfer efficiency.
BPT.E. = Predicted transfer efficiency.

CThe corrected P.T.E. were determined using 70 percent of the data. The remaining 30 percent
were used to validate the model, that is, estimate the slope, intercept, and RZ.

R? of 1.0 indicates perfect agreement. As shown in Table I, the
linear regression yields a slope of 0.83 (95% C.1. 0.79-0.87) and
an intercept of 0.12 (95% C.1.: 0.09-0.15) with an R? of 0.98.
This indicates that the model overestimates transfer efficiency at
higher levels but underestimates it at lower ones. Two correction
factors were determined to improve the predictive power of the
model, as listed in Table II. For each nozzle pressure setting,
70 percent of the data were used to determine the correction
factors, while the remaining 30 percent of the data were used to
validate the adjusted model. At higher nozzle pressure settings
(6.5 psig and 5.5 psig) the correction factor is a function of both
gun-to-surface distance and nozzle pressure. At lower pressures,
gun-to-surface distance only slightly influences the correction
factor. As shown in Table I, the 95 percent confidence intervals
of slopes and intercepts of both nozzle pressure groups include
the values 1.0 and 0.0, respectively. Thus, the corrected model
is in excellent agreement with measured transfer efficiency.
The effects of gun-to-surface distance and nozzle pressure
on transfer efficiency are examined with experimental data and
model predictions. The results are shown in Tables IIla and IIIb.
Table IIla shows that the transfer efficiency of an HVLP spray
gun decreases as the gun-to-surface distance increases. Linear
regression of the transfer efficiency with respect to the gun-to-
surface distance shows a decreasing rate in transfer efficiency
for every inch the spray gun is moved away from the target.
The decreasing rates in predicted transfer efficiency, with gun-

to-surface increment per inch, range from 2.57 percent to 4.24
percent, while they range from 2.25 percent to 3.30 percent in
measured transfer efficiency. Experimental data show a lower
rate of decrease than model predictions, given the same nozzle
pressure. Our finding is consistent with Kwok’s 3.44 percent
decreasing rate when using a conventional spray gun to spray
commercial paint.®*

At lower nozzle pressures the rate of decrease in transfer ef-
ficiency is less than at higher nozzle pressures. Table I1Ib shows
that the transfer efficiency of an HVLP spray gun also decreases
as the nozzle pressure increases. The reason is that the spray gun
atomizes smaller droplets at higher nozzle pressure levels than at
lower ones. The decreasing rates in predicted transfer efficiency
per increment in unit nozzle pressure range from 1.22 percent to
4.39 percent, while they range from 1.76 percent to 3.55 percent
in measured transfer efficiency.

DISCUSSION

To explain why the model overestimates transfer efficiency
at small gun-to-target distances, the atomization process is ex-
amined. When a spray is formed at the outlet of an atomizer, it
expands in the radial direction before developing a fully axial
flow.®>) Larger particles penetrate farther in the radial direction
than smaller ones and cause the formation of larger size distri-
bution at the edge of the spray. To make the following discussion
clear, a coordinate system is defined, as shown in Figure 1. The

TABLE 11
Correction factors at various nozzle pressure levels

Nozzle pressure (psig)

Correction factor®

6.5 (0.0015 X pressure®+ 0.00415) X distance® + 0.87
5.5 (0.0015 X pressure®+ 0.00415) X distance® + 0.87
4 1.05 — (0.5/distance®)

2.75

1.05 — (0.5/distance®)

ACorrection factor at each air-cap pressure level is determined with 70 percent of the

total data.

BUnits in the correction factor: Pressure (psig); distance (inch).
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TABLE IIla
Effect of gun-to-surface distance upon the decreasing rate in transfer efficiency
varied by nozzle pressure

Predicted transfer efficiency

Measured transfer efficiency

Nozzle Decreasing rate per inch Decreasing rate per inch
pressure gun-to-surface distance gun-to-surface distance

(psig) increment R? increment R?
6.5 4.24% 0.99 3.30% 0.98
5.5 3.43% 0.99 2.50% 0.99
4 3.18% 0.99 2.79% 0.99
2.75 2.57% 0.99 2.25% 0.99

origin is placed at the center of the nozzle exit. The Z-axis co-
incides with the centerline. The X- axis and Y-axis are parallel
to the short and long dimensions of the elliptical spray pattern,
respectively.

Kwok® defined a flow angle as the angle formed between
the air streamline and the Z-axis. When Kwok plotted the flow
angles against the X- and Y-axes at three distinct Z distances,
each flow angle curve looked like a parabola with the starting
point at the origin. This means that the flow angles increase
as the aerosols expand in the radial directions, X- and Y-axes,
and decline rapidly after reaching the peak values. The transfer
efficiency model assumes all streamlines are parallel to the cen-
terline and thus does not include this flow angle effect. Large par-
ticles, that the model predicts have enough inertia to impact on
the surface, might be lost because in reality more larger particles
are concentrated at the edges and impact at an angle other than
90 degrees, as the model assumes. Therefore, the model overes-
timates transfer efficiency at short gun-to-surface distances.

Observations from Kwok’s study®® provide a possible ex-
planation for the improved model prediction as gun-to-surface
distance increases over six inches. The peaks of the parabolic

curves of the flow angle with respect to X- and Y-axes drop and
the bases of the curve enlarge as the Z distance increases. This
reflects air entrainment into the jet flow, and flow velocities in
both X- and Y-axes become negative, that is, toward the Z-axis.
As aresult, the magnitude and the influence of the flow angle are
reduced. As shown in Figure 3, larger errors in model prediction
are evident at higher nozzle pressures. This might be caused by
the tendency for bigger droplets to concentrate more in the outer
region of the spray with increased nozzle pressure.®)

The model underestimation at gun-to-surface distances great-
er than 12 inches may be caused by particle coagulation. Coag-
ulation is a time-dependent process whereby aerosol droplets
collide with one another and adhere, and the size distribution in-
creases with time. This inter-particle phenomenon is evident as
gun-to-surface distances increase from 10 inches to 14 inches.¥
Actual particle size distributions might be larger than estimated
by Eq. (6), thus resulting in model underestimation at large gun-
to-surface distances. Yet, the errors are less significant at lower
nozzle pressures than at higher ones. Secondary atomization,
also found at large gun-to-surface distances,* is more likely
at lower nozzle pressures. Secondary atomization means large

TABLE IIIb
Effect of nozzle pressure upon the decreasing rate in transfer efficiency varied
by gun-to-surface distance

Predicted transfer efficiency Measured transfer efficiency

Decreasing rate per

Gun-to-surface unit cap pressure

Decreasing rate per
unit cap pressure

distance (in) increment R2 increment R?
6 1.22% 0.93 2.20% 0.98
7 1.59% 0.92 1.76% 0.88
8 1.88% 0.94 1.88% 0.97
9 2.29% 0.97 2.52% 0.91
10 2.93% 0.99 2.57% 0.96
11 3.51% 0.98 3.42% 0.93
12 3.87% 0.96 3.55% 0.97
13 4.39% 0.96 3.45% 0.93
14 3.89% 0.92 3.08% 0.84
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FIGURE 4
Effects of transfer efficiency prediction upon exposure estimation.

droplets are further atomized into smaller ones. It usually occurs
with particles big enough to be broken down easily, as is the case
at lower nozzle pressures. Therefore, the net result of secondary
atomization and coagulation may be to produce better agreement
between model and measurement at lower nozzle pressures.
Transfer efficiency is a function of gun-to-surface distance
and nozzle pressure. The high decreasing rate in gun-to-surface
distance suggests considerable variation in transfer efficiency
under unsteady spraying operations. Cautious determination of
transfer efficiency as a function of time is required when ap-
plying the model to a worker who is not capable of controlling
the spray gun at a constant distance from the workpiece. Noz-
zle pressure can be precisely controlled in actual spray painting
operations, and should not present a problem for applying the
model to the real world.
The primary application of the transfer efficiency model is
to estimate the overspray generation rate described by Eq. (12)
and to determine the airborne contaminant concentration levels.
To evaluate the effects of uncertainty in the transfer efficiency
model on exposure estimation, a simple example is presented.
Let the following parameters be constants in Eqs. (12) to
(14): the worker’s dimensions are 1.85 m in height and 0.36 m in
breadth; air velocity in the spray booth is 30.5 m/min; liquid flow
rate is 1.5 g/s; and, K value is 1.0. Figure 4 shows the effect of
transfer efficiency prediction upon the estimated exposure levels.
The important conclusions are:

a. Underestimation in transfer efficiency results in overesti-
mation in exposure levels, and vice versa.

b. Overestimation in transfer efficiency causes a more signifi-
cant error in exposure estimation than underestimation does.
For example, if the actual transfer efficiency is 0.70, a 5 per-
cent overestimation will result in underestimating exposure

by 14.1 percent, but underestimating transfer efficiency by 5
percent results in overestimating exposure by 8.63 percent.

c. A small error in predicted transfer efficiency can result in a
large uncertainty in estimating exposure, especially at high
transfer efficiencies. For example, if the actual transfer ef-
ficiency is 0.80, with an error range of *+10 percent, the
uncertainty in overspray generation rate, or exposure level
will be a factor of 4, £40 percent.

Despite the significant effects of the uncertainty in transfer
efficiency on exposure estimation, the uncertainty in exposure
measurements and other parameters in the exposure model might
exceed the problem presented here. Further research in the field
is required to evaluate the applicability of the transfer efficiency
model for estimating the overspray generation rate.

CONCLUSIONS

Laboratory studies conducted here present an experimental
evaluation of a mathematical model for predicting the transfer
efficiency of an HVLP spray gun. Two operational parameters,
gun-to-surface distance and nozzle pressure, were evaluated to
examine their effects on transfer efficiency measurement and
prediction. This study also evaluates the effects of uncertainty
in the transfer efficiency model on estimating breathing-zone
contaminants.

Experimental results suggest that the mathematical model
successfully predicts the transfer efficiency of an HVLP gun
within known uncertainties. Two correction factors were deter-
mined to improve the model; the results show excellent agree-
ment between the modified model and experimental data. Gun-
to-surface distance and nozzle pressure are two important factors
in determining transfer efficiency. The decreasing rates in trans-
fer efficiency with increasing gun-to surface distance range from
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2 percent to 4 percent, depending on the nozzle pressure. This
suggests that unsteady spraying, that is, non-uniform gun-to-
surface distance, could result in considerable variation in trans-
fer efficiency. Transfer efficiency was also found to decrease as
the nozzle pressure increases. Because the nozzle pressure can
be easily controlled in the real world, it should have little critical
effect on model application in the field.

This study presents fundamental knowledge of the transfer
processes of spray painting operations. Major limitations of the
current model are the incapability to describe effects caused
by solvent volatilization, worker’s hand motion, and various
size/shape/structure of the workpiece being coated. Further re-
search is planned to extend the predictive power of the current
transfer efficiency model to account for a more realistic situation.
Field studies will be conducted in the near future to determine
how transfer efficiency of a spray gun affects worker’s exposure
to airborne contaminants during spraying operations.
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